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ABSTRACT
In this review I will describe a number of recent advances in extragalactic astronomy. First of all I will describe
our current best estimates of the star formation history of the Universe. Then I will describe measurements of
local galaxies and their stellar populations, concentrating on measurements of the luminosity functions and stellar
population compositions of the different kinds of galaxies. Finally, I will investigate the relationship between these
two sets of results. The ultimate aim is to tell at what stage in the history of the Universe the different stars seen
in the local galaxies formed. At present much is known but there are significant uncertainties and I will highlight
some prospects for the future.
1 INTRODUCTION
Extragalactic astronomy is a particularly active area of scientific research. Of particular importance is the recog-
nition that the formation and evolution of galaxies are essentially cosmological processes and that extragalactic
astronomy is intimately related to cosmology.
There are essentially two kinds of matter in galaxies: dark matter and luminous matter. The dark matter
is probably cold, meaning that it does not diffuse out of gravitational condensations [1,2]. Its formation is tied
up with the physics of the early Universe and its assembly into discrete galaxies is caused by the gravitational
growth of small perturbations present at very early times [3]. Most luminous matter is in the form of stars, and
it is the distribution of these stars into populations in different kinds of galaxies and the formation of these stellar
populations that is the subject of this review.
One area of study of considerable current interest is the determination of the star-formation history of the
Universe i.e. determining when in the past the stars seen now in galaxies formed. Classically, this was determined
from optical surveys of field galaxies [4]. But we know that the far-infrared background measured by COBE [5,6,7]
is high, suggesting that much of cosmic star-formation could be dust-enshrouded and missing from optical surveys.
Submillimetre surveys (e. g. ref. 8) then confirmed a great deal of star-formation was indeed happening in infrared
galaxies that are optically faint. These are separate galaxies from those seen in optical surveys, so we are not
talking about large amounts of obscured star formation happening within optically-identified galaxies of known
redshift, rather a new population of galaxies altogether. The submillimetre surveys showed that the galaxies exist
in enough number to explain the far-infrared background and possibly dominate the cosmic star-formation history.
Unfortunately the large beamsize of the SCUBA instrument used in these surveys means that we cannot identify
the infrared galaxies individually so that we cannot study them and determine their redshifts. In an important
recent development [9,10,11], four such infrared galaxies have been identified by virtue of hosting gamma-ray bursts
(a phenomenon which seems to be intimately linked with ongoing star formation). These four galaxies are exactly
what we expected them to be: the have high (> 100 M⊙ yr
−1) star-formation rates inferred from submillimetre
and/or optical measurements, but low optical fluxes, presumably due to internal obscuration. So while we are still
some way from determining the redshift distribution of these infrared galaxies (only four are known), we are now
beginning to compile a sample which can be studied in some detail.
The accurate determination of the galaxy luminosity function φ(L), defined as the number density of galaxies
per unit luminosity L, has been another active area of study. The general form of the total galaxy luminosity
function is well described by the Schechter function [12]:
φ(L) = φ∗ exp(− L
L∗
)
(
L
L∗
)α
1
L∗
, (1)
where φ∗ is a characteristic density, L∗ is a characteristic luminosity, and α is the faint-end slope. This function
provides an acceptable fit to the total galaxy luminosity function in both clusters and the field, although the contri-
butions to the total luminosity function from different galaxy types is somewhat different in the two environments
(e.g. ref. 13): in clusters ellipticals and lenticulars dominate at the bright end and dwarf ellipticals at the faint
end whereas in the field spirals dominate at the bright end and dwarf irregulars and dwarf ellipticals exist in equal
number at the faint end.
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Two lines of current research have been relevant in this context. Firstly, the normalization of the galaxy
luminosity function, and consequently the luminosity density of the Universe, has been determined from large
redshift surveys like SDSS [14] and 2dF (see ref. 15, where this redshift survey is considered in conjunction with
the 2MASS near-infrared survey). Secondly, the contribution from galaxies with extremely low surface brightnesses
has been shown to be small, from deep optical surveys (e. g. ref. 16).
It has been conventional to assume that almost all the gas which was converted into stars within galaxies
exists in the stellar populations that we see today. The possibily that this view may be incorrect has recently
been suggested by the result of the MACHO gravitational microlensing project [17]: as much as a few percent of
galactic halos may be made up of objects with masses of about 0.5 M⊙. Two possibilities are that these are stellar
remnants like cold white dwarfs [18; however see ref. 19] or low-mass stars that failed to initiate nuclear burning
for some reason. Either of these scenarios would require that most of the star formation that happened over the
history of the Universe occurred in galaxy halos, which is very much in contradiction to the traditional view.
In this article we review both measurements of the cosmic star formation history and of the distribution of
stars in galaxies in the local Universe. We then review the techiques that can be employed to match the two sets
of observations so that we know at what point in the history of the Universe the stars that we see in the galaxies
around us formed. Prospects for the future are highlighted. While we will concentrate on the traditional view
that most stars formed in high-density environments well inside dark-matter halos and all but the highest-mass
ones (whose lifetime plus the age of the Universe at the redshift of formation is less than a Hubble time) exist in
the visible parts of galaxies today, we will also discuss the implications of the assertions outlined in the previous
paragraph.
Earlier it was remarked that extragalactic astronomy is closely related to cosmology, and consequently the
values of many quantities depend on the cosmological model chosen. Masses derived from gravitational motions are
proportional to the luminosity distance dL and luminosities derived from fluxes scale as d
2
L. Number densities scale
as V −1 so mass densities scale as dLV
−1 and luminosity densities as d2LV
−1, where V is the cosmological volume
element. The star-formation rate density at any redshift z is usually derived from a luminosity density and similarly
depends on dL(z)
2V (z)−1; for a given cosmological model the star-formation rate density is therefore proportional to
the Hubble constant h since dL ∝ h−1 and V ∝ h−3. The current density in stars ρ∗ is proportional to the-integral
of this star-formation rate density and so independent of h (and is weakly dependent on the cosmology). Expressed
in units of the critical density Ω∗ = ρ∗/ρc, then Ω∗ ∼ h−2, since ρc = 3H20/8 piG ∼ h2. These sscaling relations
assume that the luminosity-to-star-formation-rate conversion factor (this comes from a Galactic calibration) does
not depend on the Hubble constant.
Stellar densities derived from the local luminosity function do not depend on the cosmology and have a different
dependence on the Hubble constant. Luminosities scale as h−2 and volumes as h−3 so that the luminosity density
of the Universe scales as h. Therefore ρ∗ ∼ h and Ω∗ ∼ h−1. The above scaling relations assume that the stellar
mass-to-light ratios of galaxies (normally these come from population synthesis models) do not depend on the
Hubble constant.
Throughout this work we will assume a model with a non-zero cosmological constant: h = 0.65 (h is the
Hubble constant H0 in units of 100 km s
−1 Mpc−1), ΩΛ = 0.7, Ωmatter = 0.3. The luminosity-distance for this
model [20] is dL(z) =
c
H0
(1 + z)
∫ z
0
1√
(1+z′)2(1+Ωmatterz′)−z′(2+z′)ΩΛ
dz′.
2 THE COSMIC STAR FORMATION HISTORY
2.1 The Madau Plot
The star formation history of the Universe is normally presented as the “Madau” or “Madau-Lilly” Plot [4,21]. The
ordinate axis of this plot is redshift z, which is related directly to cosmic time, assuming some cosmological model
(see Table 1, which is appropriate for a model with a cosmological constant; e.g. ref. 22). The abscissa axis of
this plot is the total star-formation rate happening within some average volume element that is comoving with the
Hubble flow. At the present time (z = 0) this volume element represents some typical Mpc3 in the Local Universe.
Most contemporary observations suggest that the Madau Plot is best considered in two parts–an optical part
and an infrared part. The optical part is very well determined from a large number of redshift surveys currently
being performed with large telescopes (see ref. 23 for a compilation). The idea here is to construct an (optical)
flux-limited sample of galaxies and measure redshifts for those galaxies.
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Table 1
Age of Universe for h = 0.65, ΩΛ = 0.7, Ωmatter = 0.3 cosmology
∗
Redshift z Age/Gyr
0 14.5
1 6.2
2 3.5
3 2.3
4 1.6
5 1.2
10 0.5
∗Note that age t(z) = c
H0
∫∞
z
1
1+z′
1√
(1+z′)2(1+Ωmatterz′)−z′(2+z′)ΩΛ
dz′ [ref. 20].
The infrared part is less well-determined. The galaxies that are important here are those whose optical
and ultraviolet light, which comes from young OB stars and traces ongoing star formation directly, has been
extinguished by dust. This dust is made of graphite and silicates produced within the star-forming galaxies in red
giant atmospheres and supernovae [24]. These galaxies are faint at optical wavelengths and are consequently missing
from the redshift surveys described above. Even if the galaxy is present in optical surveys due to some residual
optical light that escapes or is generated at low skin-depth, the vast majority of the star formation is unaccounted
for if optical observations alone are available. We know that large numbers of these infrared galaxies exist from
the high infrared background [5,6,7] and from submillimetre galaxy surveys (ref. 25 and references therein), but
the galaxies cannot generally be identified on an individual basis so that we cannot determine their redshifts and
therefore we cannot place them on the Madau Plot.
What is becoming increasingly clear is that the populations of optical and infrared galaxies that contribute
to the two parts of the Madau Plot are basically disjoint. This statement is not 100% true, but provides a useful
starting position to adopt. Infrared galaxies have low optical fluxes due to internal dust obscuration and optical
galaxies, like high-redshift Lyman-break galaxies, tend to have low infrared and submillimetre fluxes [26] because
their total star formation rates and energy outputs tend to be small in comparison with infrared galaxies. A small
number of galaxies exist which have extremely high infrared and optical luminosities (the “Class-2” sources of Smail
et al.[25], but these are rare. They can, however, be studied in detail by virtue of their optical identification - the
prototype is SMM J02399−0136 [27].
It is worth explaining in this context exactly what is meant by “infrared” as opposed to “optical” galaxy.
The important discriminant is whether or not a reasonable fraction (say 50% or so) of the star formation in a
galaxy can be inferred from optical observations. Most “optical” galaxies, like the Milky Way and late-type spiral
galaxies, emit much of their energy at far-infrared wavelengths so that much of the star formation accounted for in
the “optical” part of the Madau Plot includes a contribution from star formation absorbed and reradiated by dust.
But the crucial thing to note in this context is that these galaxies also emit a reasonable proportion of their energy
at rest-frame optical and ultraviolet wavelengths (see Figure 2 of ref. 28). “Infrared” galaxies do not do this and
we only have a realistic measure of their energy output and star-formation rate from far-infrared/submillimetre
(or radio continuum) observations. We will see that a good prototype of an “infrared” galaxy is the host galaxy
of GRB 980703, where the optically-derived star formation rate is 10 – 30 M⊙ yr
−1 [29] but the total (infrared
+ optical) star formation rate is more like 500 M⊙ yr
−1 [9]. The fraction of the star-formation in this galaxy
determined by optical measurements is therefore only 4%, much less than the 30 – 70% that is typical for local
late-type star-forming galaxies [28].
The two types of star-forming galaxies could well have different redshift distributions. We cannot therefore
obtain the infrared Madau Plot simply by multaplicative scaling of the optical Madau Plot.
The proportion of the total star formation happening in the Universe in infrared galaxies fIR is probably greater
than 50% [30]. One plausible scenario consistent with current observation is presented in Figure 1. The optical
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Madau plot, as indicated by the dashed line, is very well determined by a large number of observations (the filled
circles) but the infrared part (the solid line minus the dashed line) is poorly constrained and is model-dependant,
and we only really know its integral over redshift (and even then with considerable uncertainty).
0 1 2 3 4 5
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Figure 1: The comoving star-formation rate of the Universe as a function of redshift, from ref. 30. The points
represent the optical data compiled by Somerville et al. (ref. 23) with no corrections for dust extinction; the dashed
line represents a 4th-order polynomial fit to this data – the optical Madau plot. The solid line represents an
estimate of the total (optical and infrared) Madau plot, from the models of Blain [31,32,33], assuming no AGN
contribution to the far-infrared and submillimetre backgrounds and counts. The stellar IMF of Kroupa, Tout &
Gilmore [34] is assumed.
2.2 The Extragalactic Background Light
The extragalactic background radiation emerging at different wavelengths is shown in Figure 2. The total extra-
galactic background light (EBL) is given by the integral over wavelength of the line in Figure 2 and is approximately
equal to 55 nW m−2 sr−1 (ref. 35).
The EBL shows two peaks: an optical/near-infrared one at about 1 µm and a far-infrared one at about 100 µm.
The optical-near-infrared EBL is derived by summing galaxy counts from field surveys [35,36]. The far-infrared
background comes from COBE DIRBE [5,6] and FIRAS [7] measurements.
The total energy in the optical regime of the EBL is approximately equal to the total energy in the far-infrared
regimes. A useful exercise is to attempt to translate this observation into a value of fIR. In order to do this we
need to consider two further issues.
Firstly, we must establish which parts of the EBL come from physical processes other than star formation.
Radiation from old, evolved, stars is certainly a contributor to the EBL, but this radiation is unlikely to be mistaken
for radiation originating from young newly-formed OB stars since old stars have spectral energy distributions
(SEDs) peaked in the near-infrared, whereas young stars have SEDs peaked at optical or ultraviolet wavelenghs
and any enshrouding dust has an SED peaked at far-infrared wavelengths. The contribution from active galactic
nuclei (AGNs) is potentially more difficult to correct for, since these (and their associated dust shrouds) can in
principle radiate energy at any wavelength. Indeed, if quasars form via the evolutionary sequence [37,38] cold
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ultraluminous infrared galaxy (ULIG; e.g. Arp 220)→ warm ULIG (e. g. Markarian 231)→ infrared quasar (e. g. I
Zw 1) → optical quasar (e. g. 3C 273; these could be radio-loud late in their evolution), then we might expect
AGNs to contribute at some level to both the far-infrared (when they are cold ULIGs) and optical (when they
are quasars) backgrounds. However, we do not expect the contribution to the EBL from AGNs to be large, else
the local density of supermassive black holes in the centers of nearby galaxies, the end products of AGN activity,
would be larger than that observed [39]. The total contribution to the EBL from AGNs (assumed to happen at
mean redshift < zAGN > and efficiency η, which is 0.057 for disk accretion onto a Schwarzchild black hole) is
IAGN = 5
(
h
0.65
) (
η
0.057
) (
3
1+<zAGN>
)
nWm−2 sr−1, which is about 10% of the total EBL [35]. This turns out to
be smaller than the other uncertainties, like those described in the next paragraph.
Figure 2: The extragalactic background light, from ref. 40. This figure was compiled using many literature sources,
represented by the numbers. The reader is referred to ref. 40 for the original sources. The cosmic microwave
background radiation spectrum is also shown.
Secondly, the average redshifts of the galaxies that contribute to the optical and infrared parts of the Madau
Plot may be different. The extragalactic background intensity I∗ ∝ ρ˙∗ (1+ < z >)−1, where < z > is the mean
redshift of the sources (assumed to form stars at an average rate ρ˙∗) contributing to I. Consequently if the infrared
sources are at significantly higher redshift than the optical ones, then they may trace the formation of a larger
mass of stars for a given amount of background radiation generated.
We can now estimate fIR from the extragalactic background light as follows. In addition to the simplifications
described in Section 2.1, let us consider approximating the background radiation by two parts (representing the
two regimes in Figure 2): an optical part Iopt and an infrared part IIR. Let us assume that the infrared galaxies
are at an average redshift < zIR > and that the optical galaxies are at an average redshift < zopt > and further
that the optical galaxies emit an average fraction R of their energy in the infrared (R ∼ 0.5 for local galaxies [28]
but might be significantly different at higher redshifts). Then all other things (like the stellar initial mass function
6
and the bolometric-luminosity to star-formation-rate conversion factor) being equal,
fIR =
1
1 +
(1+<zopt>)
(1+<zIR>)
(
(1−R) IIR
Iopt
−R
)−1 . (2)
Although there are many assumptions inherent in applying this equation it is useful to note the important result:
the greater < zIR > for a given < zopt >, the higher fIR for a given ratio of IIR and Iopt.
2.3 The Optical Madau Plot
For an optically-selected sample of galaxies, if redshifts and distances are available for all the galaxies, then if we
are able to estimate star-formation rates for the galaxies from ultraviolet or Hα luminosities, we can place them
on the Madau Plot. For any complete sample, the optical Madau Plot can then be derived. This completeness has
to be present both in terms of
(i) luminosity: this is achieved if the faintest galaxies in the sample have low enough luminosity and are far enough
down the Schechter (1976) luminosity function that the total luminosity density in fainter galaxies is small; if this
is not true then a correction to the cosmic star formation rate can be made to take into account the contribution
from these low-luminosity galaxies, assuming that star-formation rate scales with luminosity;
(ii) surface-brightness: galaxies with surface-brightnesses significantly below the sky will be missing from optically-
selected samples, but corrections due to this effect are normally assumed negligible since the fraction of the lumi-
nosity density in low-surface-brightness star-forming galaxies is small.
At low redshifts z < 1 spectroscopic redshifts may be obtained for optically complete (in a flux-limited sense)
samples and the cosmic star formation rate derived from measurements of the Hα 656.3 nm [41,42] or [OII] 372.7
nm [43,44] lines. The cosmic star formation rate at low z is presented in those papers (see also ref. 45). For redshifts
1 < z < 3 it is not practical to obtain spectroscopic redshifts for complete samples so that photometric redshifts
(e.g. ref. 46) are often used (the deepest surveys, like the Caltech Faint Galaxy Redshift Survey are highly complete
only to z ∼ 1.5 [47]). Additionally, for z > 1, the Hα line is redshifted from the optical to the near-infrared, so
that Hα luminosities are difficult to obtain for complete samples – ultraviolet/optical luminosities then become
the most direct method of estimating star formation rates. At higher redshifts 3 < z < 5 galaxies can be selected
from optical surveys using the Lyman-break technique [48]. Spectroscopic redshifts can then be obtained for these
Lyman-break galaxies and star-formation rates derived from their rest-frame ultraviolet luminosities. The optical
Madau Plot at 3 < z < 5 can then be constructed from the samples of Lyman-break galaxies [49].
Much of the energy produced by young OB stars in these optical galaxies is absorbed by dust and reradiated
at far-infrared wavelengths (the SED of many optical galaxies has a peak in the far-infrared). This is what we
parameterized by the variable R in the previous paragraph. Each measured point on the optical Madau Plot must
be therefore multiplied by a factor P ≈ (1 − R)−1. The value of P depends on the redshift and on the nature
of the tracer used to derive the star formation rate. At z ∼ 0, the star-formation tracer is the Hα (656.3 nm)
luminosity and P ∼ 2 (ref. 28). An interesting estimate of P is provided by ISO mid-infrared 15 µm observations
[50]. This work suggests that P ∼ 3 at a mean redshift 0.6. At high redshifts z ∼ 4, the star-formation tracer is
the ultraviolet luminosity at about 150 nm, which is very susceptible to attenuation by dust [51,52]. Consequently
a higher value of P ∼ 5 is required [49; however see the discussion in ref. 53 abour the concordance between Hβ
and ultraviolet star-formation rates in Lyman-break galaxies].
At very high z > 5 we expect the cosmic star formation rate to be dominated by optical, not infrared, galaxies
since the Universe has not had enough time to generate the large amounts of dust required to produce infrared
galaxies. Break techniques can certainly be used to find z > 5 galaxies (e.g. refs. 54 and 55), but at the highest
redshifts the most profitable technique is likely to be narrowband imaging searches for Lyα emitters [56]. These
high z emission-line searches are helped by the redshift-dependence of equivalent width EW ∼ (1 + z), and the
technique has been successful at finding galaxies up to a redshift z = 6.56 [57]. Converting Lyα emitter space
densities into a cosmic star formation rate is difficult since it is not possible to establish what fraction of optical
galaxies of a given redshift are Lyα emitters (above some luminosity threshold). This fraction might be quite low
since Lyα is a resonant line and photons may be subject to multiple scatterings and have a low escape fraction;
many galaxies with high star-formation rates may have low Lyα luminosities. From measurements of Lyα emitters,
Hu et al. [56] estimate a lower limit on the cosmic star formation rate (adapted to our cosmology and stellar IMF
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– see Section 1 and Figure 2) of about 0.003 – 0.006 M⊙ yr
−1 Mpc−3 for redshifts 3 < z < 6, which is less than
the value of 0.09 (P/5) M⊙ yr
−1 Mpc−3 measured at z ∼ 4 from Lyman-break surveys [49]. A somewhat higher
range of 0.07 – 1.4 M⊙ yr
−1 Mpc−3 has been estimated at z = 6.6 [57].
It is important to note that the only measurable quantity in all the surveys described above is a luminosity
density, and that if an appreciable fraction of cosmic star formation happened in environments where this lumi-
nosity density is low, much could be missed due to (1 + z)−4 cosmological surface-brightness dimming [58]. The
determinations of the cosmic star-formation rate at any redshift from these surveys should therefore be regarded
as lower limits, more so at the highest redshifts.
2.4 The Infrared Madau Plot
The infrared Madau Plot represents the total star formation so obscured that it is very much under-represented
the optical (rest-frame ultraviolet at high redshift) surveys described in the previous section. It is not merely the
absorbed and reradiated light from optical galaxies (parameterized by P and R); this reradiated energy is not
sufficient to explain the high infrared background.
At z = 0, ultraluminous infrared galaxies (ULIGs; ref. 59) like Arp 220 are the types of galaxies with these
properties – unremarkable at optical wavelengths but very luminous in the infrared. But these contribute negligibly
to the global z = 0 star-formation rate. Furthermore, were they to exist at high redshift, ULIGs could not have
produced the local galaxy population. This is because the molecular gas density in the central regions generating
most of the energy in ULIGs is high (> 100 M⊙ pc
−3), whereas a negligible fraction (∼ 1%) of the stars in the local
Universe – elliptical galaxy centres – exist at such high densities [60]. Semi-analytic models [61] also predict that the
gas in galaxies generating the infrared Madau Plot must be somewhat more extended than in local ULIGs. Large
reservoirs of extremely dense cold gas at high redshift are certainly known to exist (e. g. around APM 08279+5255
at z = 3.9 [62]) so it is quite possible that these exist and are associated with much of the cosmic star formation.
It is interesting to note that the star-formation rate at z = 0.6 measured from a 15-µm sample observed with
ISO [50] corresponds exactly to the star-formation rate determined from optical measurements [21] with P = 3.
This implies either at z = 0.6 infrared galaxies contribute negligibly to the Madau Plot or the dust temperatures
in the infrared galaxies are so low that their SEDs peak at long enough wavelengths that their 15-µm fluxes are
small. This latter possibility is what is suggested by the submillimetre observations described in the next section.
2.4.1 Constraints from submillimetre surveys
Submillimetre surveys are one way to find high-redshift infrared galaxies. Although submillimetre measurements
probe well down the Rayleigh-Jeans long-wavelength tail of the SED of most infrared galaxies, current submillimetre
cameras, like the SCUBA bolometer array on the JCMT in Hawaii [63] operating at 850 µm and 450 µm, are only
sensitive enough to find the most luminous of these galaxies. The main issue preventing very deep surveys is source
confusion [64]. Observing gravitationally lensed sources behind massive galaxy clusters [8] increases the sensitivity
of SCUBA by factors equal to the magnifications of the background sources, typically 2 – 5 [25].
The submillimetre number counts are presented in Figure 3. It is immediately obvious from this figure that
the submillimetre counts probe to a far deeper equivalent flux limits than ISO infrared surveys. The ISO surveys
probe closer to the SED peaks of the majority of the infrared galaxies but the telescope + detector efficiency is
lower.
The exact form of the 850-µm counts is only well constrained at high fluxes. Between 2 mJy and 10 mJy the
differential number counts are approximately n(S) ≈ 30000 (0.7 + S)−3.2, where S is the flux density in mJy [65].
Fainter than about 1 mJy, the counts are constrained primarily by the extragalactic background light
∫
S n(S) dS,
which at 850 µm is about 0.55 nW m−2 sr−1 [7]. Combining these results, Barger et al. [65] show that the bulk of
the 850-µm background light comes from sources with fluxes of about 1 mJy and inferred star formation rates of
about 200 M⊙ yr
−1.
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Figure 3: Galaxy number counts in the far-infrared, submillimetre, and millimetre regimes, from ref. 40. The
data is compiled from many sources and the reader is referred to ref. 40 for the original sources. The light points
represent 850-µm SCUBA counts, the dark points on the right represent 95-µm ISO data, and the dark square
on the left represents the 2.8-mm BIMA limit of Wilner & Wright [66]. The lines represent two models from the
literature.
Aside from verifying the fact that the infrared galaxies exist in the right number to produce the extragalactic
background light, the main information to be gained from the submillimetre observations are the luminosities
and temperatures of the galaxies. Luminosities (and hence star formation rates) can be obtained from fluxes
even if we do not know the redshifts because infrared galaxies have negative K corrections at 850 µm: fν =
Lν(1+z)(1 + z)/4pidL(z)
2 and infrared galaxies have SEDs where an increase in redshift causes Lν(1+z) to increase
by an amount approximately equal to the increase in dL(z)
2/(1 + z) at 850 µm for 1 < z < 4. The total luminosity
L =
∫∞
0 Lνdν, where Lν at any frequency can be derived from its value at 850 µm if the dust temperatures are
known. Temperatures are known to be close to 37 K due to joint consideration of 850-µm and 450-µm counts and
modeling [32,67]. Further information is difficult to obtain because of the large SCUBA beamsize FWHM ∼ 14
arcseconds. Normally we cannot tell which of the large number of optical sources (if any) within the SCUBA beam
is the submillimetre source and this lack of optical identification means we cannot obtain the redshift.
A number of submillimetre galaxies do have optical or near-infrared counterparts but these are rare, particularly
at the low 850-µm fluxes responsible for generating most of the background. Examples include the Class-2 SCUBA
galaxies [25], like SMM J02399−0136 (z = 2.80 [27]), SMM J14022+2512 (z = 2.56) and SMM J02399−0134
(z = 1.06). These are lightly obscured star-forming galaxies with huge optical/UV and Hα star-formation rates,
so high that the reradiated energy from the stars that have been obscured is enough to make these into luminous
submillimetre galaxies. Other examples are extremely red objects (EROs, or Class-1 SCUBA Galaxies [68,69]),
perhaps similar to the well-studied galaxy HR10 at z = 1.4 [70].
The next generation of submillimetre cameras like SCUBA-2 and eventually ALMA will provide information,
9
in particular positions, at a far greater level of detail than the results presented here. The redshift distribution of
submillimetre sources may well turn out to be the most direct measure of the infrared Madau Plot.
2.4.1.1 Constraints from Radio Followup of Submillimetre Sources
Infrared galaxies that are luminous at submillimetre wavelengths have radio fluxes that are faint but detectable
[71,72]. This means that accurate positions can be obtained which in turn means redshifts can be obtained. If this
can be done for a complete sample of submillimetre sources down to very faint flux levels, we can then construct
the infrared Madau Plot. To date this has been done for a sample of 8 mJy SCUBA sources [73], but these do not
contribute significantly to the infrared background. A sample of more typical 1 mJy sources would be required;
with SCUBA this can only be achieved with the aid of gravitational lensing by imaging sources behind massive
clusters.
2.4.2 Constraints from infrared background and source counts
Far-infrared surveys (which need to be undertaken from space, since the earth’s atmosphere is opaque for most of
40 – 1000 µm) offer another direct method of finding infrared galaxies. To date, sensitivity considerations (see the
ISO points on Figure 3) have resulted in these surveys finding only the most luminous sources.
The next generation of instruments on infrared satellites should be at least an order of magnitude more
sensitive. Consider, for example, a “typical” infrared galaxy with an 850-µm flux of 1 mJy (see section 2.4.1). The
flux density Sν ∼ Lν ∼ ν3.5 a modified Rayleigh-Jeans spectrum for typical dust [31]. Therefore the 160-µm flux
is 350 mJy (independent of redshift). These sources should be easily detectable with SIRTF/MIPS, which has a
5σ sensitivity at 160 µm of 50 mJy for a 500 second exposure (this is confusion-limited [74]). The poor resolution
(λ/2D = 19′′ at 160 µm for the 85 cm telescope) and large pixel size (16′′) may, however, prevent straightforward
identifications of the infrared sources. Redshift determinations will then be difficult and it will not be possible to
construct the infrared Madau Plot from these observations alone. Observations with SIRTF/MIPS at 24 µm and
70 µm could help in this regard (the pixel size at these wavelengths is smaller and the resolution is better) but
sources at high redshift and/or with only very cold dust may well go undetected at these shorter wavelengths.
2.4.3 GRB host galaxies
Gamma-ray bursts (at least the long-duration ones which last longer than 2 seconds) seem to come from massive
collapsing stars. If the proportion of collapsing stars that become GRBs is roughly constant from one star-forming
region to another (a major assumption), then the redshift distribution of GRBs tells us the star formation history
of the Universe.
This assertion is based on various pieces of circumstantial evidence which when combinrd seem to be reasonably
compelling:
1) GRBs tend to happen in galaxies with high star formation rates. Often these have been identified as blue
star-forming galaxies at high-redshift, perhaps similar to local HII galaxies [75]. Most compelling, however, is that
GRBs have now been seen in four infrared galaxies with huge star formation rates: GRB 980703, GRB 010222,
GRB 000418, and GRB 000210 [10].
2) On theoretical grounds, a natural mechanism for producing a long-duration burst is the cataclysmic collapse of
a massive star leading to a hypernova-type explosion [76].
3) On two occasions iron-line and edge features have been identified which are associated with GRBs [77,78]
suggesting a link with supernovae and therefore with collapsing massive stars.
4) On four occasions, a red component with an optical flux consistent with that of a supernova was discovered
several weeks after the burst (e.g. ref. 79).
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One additional result that is extremely important is:
To date, three out of the four GRBs – 980703, 010222 and 000418 – that have happened in infrared-
luminous galaxies have had bright optical afterglows
This means that these GRBs and their host galaxies can have their redshifts measured – for example, by the
presence of absorption lines from the host galaxy in the afterglow spectrum. In turn, this means that we can
measure the redshift distribution of all gamma ray bursts with optical afterglows, including the ones in infrared as
opposed to optical galaxies.
We can directly compare the redshift distribution of GRBs to the predictions from models of the cosmic star
formation history. All the bursts with redshift measurements to date are listed in Table 2 [80]. A comparison with
current data is shown in Figure 4.
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Figure 4: The redshift distribution of GRBs compared with predictions from different models of the cosmic star
formation history. The data points represent the 34 bursts to date with redshifts known to better than 0.25. The
lines represent different models of the cosmic star-formation history, consisting of a contribution from ultraviolet-
bright galaxies (the optical Madau plot, from ref. 23) and a contribution from infrared-bright galaxies. The infrared
bright galaxies are assumed to have a gaussian redshift distribution with mean < zIR >, variance σz = 0.5, and to
contribute a fraction fIR to the total star formation. The calculation of the lines further assumes that the number
of GRBs per unit mass converted into stars is not a strong function of redshift and that GRBs have a luminosity
function φ(L) where
∫∞
4pid(z)2flim,det
φ(L)dL does not vary strongly with redshift – all the relevant GRBs were Beppo
Sax or HETE-2 detections.
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Table 2
Gamma Ray Bursts with Redshift Measurements
Burst Redshift
GRB 970228 0.695
GRB 970508 0.835
GRB 970828 0.96
GRB 971214 3.42
GRB 980326 ∼ 1
GRB 980329 < 3.9
GRB 980425 0.0085
GRB 980703 0.97
GRB 990123 1.60
GRB 990506 1.30
GRB 990510 1.62
GRB 990705 0.86
GRB 990712 0.43
GRB 991208 0.71
GRB 991216 1.02
GRB 000131 4.5
GRB 000210 0.85
GRB 000214 0.37 < z < 0.47
GRB 000301C 2.03
GRB 000418 1.12
GRB 000911 1.06
GRB 000926 2.07
GRB 010222 1.48
GRB 010921 0.45
GRB 011121 0.36
GRB 011211 2.14
GRB 020405 0.69
GRB 020813 1.25
GRB 021004 2.3
GRB 021211 1.01
GRB 030226 1.98
GRB 030323 3.37
GRB 030328 1.52
GRB 030329 0.168
GRB 030429 2.65
For such a comparison to be meaningful we need to make some assumptions:
1) we must assume some redshift-dependance on the fraction of massive stars which eventually generate GRBs. One
extreme situation is that this fraction is independent of redshift – this may happen if the stellar IMF is universal
and if mass is the main stellar parameter in determining whether or not a star becomes a GRB. The other extreme
would be a situation where some redshift-dependant parameter (possibly metallicity) is the most important issue
in determining whether or not a star becomes a GRB.
2) a GRB luminosity function must be assumed. One extreme situation might be to assume a δ-function at high
luminosities – then we observe all GRBs, whatever their redshift. The other extreme would be a luminosity function
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that is steeply rising at low luminosities. Then, any flux-limited sample of GRBs would be dominated by nearby
GRBs of low intrinsic luminosity.
It is clear from Figure 4 that the current data do not provide any meaningful constraints on the models because
the Poisson errors are far too large. Nevertheless, the fact that this method is sensitive to star formation in both
ultraviolet and infrared galaxies makes it very attractive.
The areas of study required to turn this into a profitable method are:
• Very many more GRBs with redshifts need to be observed. Several hundred are required if we are to distinguish
between the models in Figure 4. The SWIFT satellite should provide this.
• The requirements for generating a GRB need to be understood so that assumption 1) can be tested. This will
probably come from both theoretical modeling and observations of the environments in which GRBs occur.
• The gamma-ray luminosity function of GRBs needs to be measured, since in order to place specific models on
Figure 4 we need to know this. Estimates of the luminosity function can be made from the flux statistics of bursts
with measured afterglow redshifts [81].
• Many GRB host galaxies should be seen at infrared wavelengths by SIRTF . This is be a useful test of the whole
pictures.
In summary, this seems to be a useful method although much additional data is needed before it can provide
an accurate measurement of the cosmic star formation history. The optical part of the cosmic star formation
history is already reasonably well established. The infrared part will come from ALMA. In the meantime, the GRB
redshift distribution should provide interesting insights. In the long term (post-ALMA) it should provide a useful
consistency check and will probably tell us something about the physics of GRBs.
2.5 Obscuration Extent
Given that most of the star formation in the Universe seems to be taking place in infrared galaxies, it is worth
addressing the issue of how obscured this star formation is. Figure 5 shows a rough analysis.
The symbol “UV” represents the location of star-forming galaxies that are bright at rest-frame ultraviolet
wavelengths; these are what generate the optical Madau Plot. At low redshift, the most luminous examples of
these are late-type spiral e.g. Sc galaxies. At high redshift, these are Lyman-break galaxies. These objects have
moderate or little obscuration (AV ≤ 1 mag typically), moderate or low star-formation rates (< 10 M⊙ yr−1
normally, although a few have star-formation rates greater than this), and consequently low submillimetre fluxes
(typically below 0.1 mJy). Consequently they occupy the bottom left corner of Figure 5.
The symbol “C2” represents the location of Class-2 SCUBA galaxies. These are luminous submillimetre source
with high star formation rates that are also luminous at optical wavelengths. The fact that the star formation rate
derived from optical measurements is comparable to the star formation rate derived from submillimetre measure-
ments means that the star formation in these galaxies is only lightly obscured and hence they occupy the top left
corner of Figure 5.
Most of the star formation probably happened in infrared galaxies, the ones that dominate the infrared
background (“IRB”). Suspected examples are the three GRB host galaxies (“GRBh”) described in the previous
section. That the afterglows were able to emerge from the dusty host galaxies follows from the high specific intensity
of the radiation source. It also tells us that the obscuration in the host galaxies, while wiping out most of the
ultraviolet light, cannot be too severe. For example, were the hosts to be like local ultraluminous galaxies such as
Arp 220 (“ULIG”) the afterglows would not have emerged – there are tens of magnitudes of visual extinction to
the cores of these galaxies, which is where all the energy is being generated.
The line-of-sight extinction to a GRB is, however, complicated by local physical processes. High-energy
radiation from the GRB may heat and sublime nearby dust [82,83,84,85], but since the X-ray/UV flux ∼ d−2, dust
grains at >> 10 pc from the GRB are unaffected [82], and it is unlikely that the GRB can affect the absorption
properties of dust on the scale of an entire galaxy.
So it appears that the infrared GRB hosts are quite unlike local ultraluminous galaxies. They are also different
from Class 2-SCUBA galaxies since their optical fluxes are low. They are presumably some intermediate type of
galaxy.
This is also what is suggested from evolutionary arguments [60]: only about 1% of the stars in local galaxies
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are found at densities above 100 M⊙ Mpc
−3. This is gas density in the cores of local ultraluminous galaxies like
Arp 220 [86], which is where most of the energy is generated.
There are, however, three bursts which could have host galaxies similar to local ULIGs. These are the dark
bursts GRB 000210, GRB 970828 and GRB 990506, which all had radio but not optical afterglows. In these cases
the optical afterglow could have been extinguished by a dense interstellar medium. This possibility is further
suggested for GRB 970828 by the observation is a merging/interacting system [87], like local ULIGs. Additionally
GRB 000210 is in an infrared-luminous galaxy that is not very luminous at rest-frame optical wavelengths [88],
again like local ULIGs.
The bursts GRB 990308, GRB 980329 and GRB 980326 all had extremely faint host galaxies but had optical
afterglows [80] so these could perhaps be some intermediate kind of galaxy between those described in the previous
paragraph and infrared galaxies like the host galaxy of GRB 980703.
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Figure 5: Cartoon showing the total obscuration, parameterized by the V -band extinction AV and the submil-
limetre flux S850 for various extragalactic objects. See the text for details.
One more, independent, piece of evidence that suggests GRB host galaxies exhibit only modest obscuration
is the analysis of Galama & Wijers [83]. They show that the column densities of gas in GRB host galaxies are
typically 1022−1023 cm−2, higher than in spiral galaxies like the Milky Way, but lower than in the dense molecular
cores of local ULIGs like Arp 220.
In summary, there is considerable evidence that the star formation in the infrared galaxies which dominate
the infrared background and are likely to produce most of the stars we see locally is only lightly obscured. There
must be some obscuration so as to (i) generate the high infrared luminosities, (ii) extinguish sufficient rest-frame
ultraviolet light to prevent the galaxies from being luminous in optical samples, and (iii) be consistent with column
densities of 1022 − 1023 cm−2. There cannot be too much or (i) the optical afterglows would not emerge and (ii)
too many stars in local galaxies would reside at densities well in excess of 100 M⊙ pc
−3.
14
EROs are somewhat more obscured than these infrared galaxies since the optical radiation (but not the near-
infrared radiation) is completely extinguished – the GRB host galaxies described in the previous section all had
optical detections, although they were faint. They also have slightly higher submillimetre fluxes: the three EROs
discovered by Smail et al. [68] and Gear et al. [69] have (unlensed) 850-µm fluxes of 8.6, 1.6, and 8.8 mJy, whereas
the infrared background is dominated by sources with fluxes closer to 1 mJy. The EROs therefore lie slightly
upwards and to the right of the GRBh/IRB point on Figure 5; presumably they are a somewhat more obscured
version of the more common type of infrared galaxy indicated by the “GRBh” symbol.
Active galactic nuclei (AGNs) represent some of the most luminous objects at optical [89], infrared [90], and
submillimetre wavelengths. Ultimately this is because accretion onto a black hole is about 100 times more efficient
at generating photons per unit mass than star formation. AGNs occupy the upper region of Figure 5 whether they
are discovered by optical [91] or submillimetre [92] measurements. It is possible that the horizontal position of a
particular object is determined by its evolutionary state. In the scheme of Sanders et al. [37,38] quasars form by
the evolutionary sequence: cold ULIG (e. g. Arp 220)→ warm ULIG (e. g. Mrk 231)→ infrared quasar (e. g. I Zw
I) → optical quasar (e. g. 3C 273; the most massive examples of these may be radio-loud, particularly in the late
phases of evolution). On moving along this sequence, increasing amounts of dust are blown away from the central
regions as the central black hole grows in size and the temperature increases. A given AGN therefore moves to the
left on Figure 5 as it evolves. When the objects are very cold, note that a starburst, not an AGN, is likely to be
the instantaneous power source (see ref. 93) and the models of Rowan-Robinson & Efstathiou [94].
2.6 Star Formation Rate Distribution Function
A useful quantity to consider is the star formation rate distribution function (SFRDF) in galaxies, defined where
SFRdSFR is the number of galaxies with star formation rates between SFR and SFR+dSFR. The SFRDF tells us
the sizes of the galaxies in which stars form. This is proportional to the ultraviolet luminosity function for optical
galaxies at low [14,15] and high [49] redshift. For infrared galaxies, the SFRDF can be determined at low redshift
from the infrared luminosity function (e. g. ref. 95), once the contribution for infrared emission from optical galaxies
(R > 0) is subtracted.
The high infrared background means that the importance of the infrared SFRDF relative to the optical SFRDF
must evolve strongly with redshift [32], but it is difficult to quantify at redshifts z > 0.5, which is where most cosmic
star formation is happening. It is very probably top-heavy compared with the optical SFRDF, since (i) most of
the high infrared background is generated by sources with S850 = 1 mJy which have star formation rates (∼ 100
M⊙ yr
−1) in excess of the most luminous optical galaxies, and (ii) the four infrared galaxies discovered as GRB
host galaxies [10] all had star formation rates this high.
At the highest luminosities, many infrared sources may well be AGNs so that establishing the SFRDF at the
extremely-high SFR end may be difficult.
This means that most of the stars that we see in local galaxies formed within big galaxies. The SFRDF
is related to the local luminosity function, but not directly, since mergers between stellar systems produce final
galaxies (which is what the local luminosity function measures) bigger than the progenitors (which is what the
SFRDF measures). The top-heaviness of the local luminosity function compared to the SFRDF is therefore an
indication of the role of stellar-kinematic mergers of existing systems in producing local galaxies.
2.6.1 Absorption line systems
Star-forming galaxies presumably form from HI galaxies, so one might expect the mass function of HI clouds (seen
in absorption in quasar spectrum) to be similar to the SFRDF. Lanzetta et al. [58] demonstrates that for the two
to be consistent, more star formation is required than is seen in optical surveys. They suggest that much of the star
formation is missing from these surveys at high redshift due to (1 + z)4 cosmological surface-brightness dimming.
Another possibility is that much of the star formation that we might expect to occur from the HI column density
function is happening in infrared galaxies that are missing from the optical surveys altogether.
In any case, the concordance between the cosmological density Ω∗ of stars at z = 0 and the integrated
cosmological density ΩHI in HI systems at all redshifts (
∫ 4
0 ΩHI(z) dz/
∫ 4
0 dz ≈ Ω∗; ref. 96) means that all stars
that we see locally are made of hydrogen that was part of an HI cloud at some redshift, assuming that the atomic
hydrogen got converted to stars on short timescales. The clouds at high redshift are simply acting as reservoirs.
15
0 1 2 3 4 5
0
0.1
0.2
0.3
0.4
Figure 6: The 75-to-25-percent ratio for the quantities described in Section 2.6. The z = 0 galaxy luminosity
function is from the SDSS collaboration [14]. The SFRDF and the redshift evolution of the infrared galaxy
luminosity functin is from ref. 30. The z = 3 and z = 4 optical galaxy luminosity functions are those of Steidel et
al. [49] and at z = 0.65 it is the 280-nm luminosity function of Cohen [47]. We assumed further that the stellar
IMF is that of Kroupa et al. [34], that the infrared galaxies have dust temperatures of 37 K [32], that the infrared
luminosity-to-star-formation-rate conversion factor for our IMF is 1.2 × 109 L⊙ M⊙−1 yr [98], and that for optical
galaxies, ultraviolet luminosities can be converted to star-formation rates using Kennicutt’s relation [99]: SFR (M⊙
yr−1) = 1.4×10−28Lν (erg s−1 Hz−1) between 150 nm and 280 nm. The SFRDF is then SFRDFopt + SFRDFIR =
0.00475 (SFR/2.8)−1.0 exp(−SFR/2.8) 1/2.8+0.000865 (SFR/5.3)−0.1 exp(−0.95 log10(1+SFR/5.3)2) 1/SFR (z =
0.65); 0.0016 (SFR/6.1)−1.6 exp(−SFR/6.1) 1/6.1 + 0.00088 (SFR/9.9)−0.1 exp(−0.95 log10(1 + SFR/9.9)2) 1/SFR
(z = 3); 0.0010 (SFR/6.1)−1.6 exp(−SFR/6.1) 1/6.1+0.00078 (SFR/5.8)−0.1 exp(−0.95 log10(1+SFR/5.8)2) 1/SFR
(z = 4) M⊙ yr
−1 Mpc−3, where SFR is in units of M⊙ yr
−1. Note that in all these functions SFRDFIR is dominated
by higher-SFR galaxies than SFRDFopt. The absorption-line system HI column density N(HI) distribution function
is taken from the measurements of Pe´roux et al. [96].
The alternative view is that clouds at z = z1 simply evolve into clouds at z = z2 < z1 and the atomic hydrogen
in the clouds was converted to stars on long timescales, if at all (most hydrogen seen in HI systems at high redshift
might subsequently have been ionized and be part of the intergalactic medium today). If this alternative view is
correct then it is plausible that most hydrogen that is in stars at z = 0 never resided in an HI system at any redshift
for any appreciable time.
The catchment volumes of the clouds at high redshift could correspond to present-day galaxies. A quantitative
analysis is suggested. A useful mathematical construction that describes the shape of a function f(x) of a measurable
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variable x that is most reliably measured at large x is the 75-to-25-percent ratio
r =
x75
x25
where ∫ ∞
x75
x f(x) dx /
∫ ∞
0
x f(x) dx = 0.75
and ∫ ∞
x25
x f(x) dx /
∫ ∞
0
x f(x) dx = 0.25.
A value r ∼ 1 suggests f(x) is top-heavy and high-x biassed. A value r << 1 suggests f(x) is low-x biassed. Figure
6 shows r for a number of related functions.
Figure 6 shows that many of the stars in local galaxies reside in large systems and that much of the gas in high-
redshift absorption-line systems also exists in large systems. Yet much of the star-formation in the Universe is not
happening in the galaxies with the highest individual star formation rates. There are many possible explanations
for this interesting result. Possibly the high-redshift absorption-line systems represent the catchment areas of
systems that later become gravitationally bound to form galaxies, yet the stars were formed in smaller systems
that later merged to form the final galaxies that we see today. This could be tested by studying the evolution of
the correlation function between infrared galaxies and evolved stellar systems (seen in near-infrared surveys), the
evolved stellar systems being the end-products of infrared galaxies which have completed their star formation. The
correlation function between infrared galaxies and other infrared galaxies may be useful too but on the other hand
may be very small if infrared galaxies within a particular catchment volume burst at different times For example,
the luminous galaxy SMM J14011+0252 [25] appears to be a many-component system at optical wavelengths, and
it is possible that one component contains an obscured starburst whereas the others are evolved stellar systems.
The idea that the HI clouds are systems that have yet to collapse and form galaxies is also suggested by
measurements of abundances in damped Lyα systems at high redshift [97]. The abundances in the clouds are lower
than those of Milky Way stars with ages comparable to the cosmological ages of the clouds. This suggests that
at the cosmological ages in question galaxies like the Milky Way, whose formation is traced by the SFRDF, have
already formed (presumably in smaller units), but the gas in the HI systems has not yet been converted into stars
in galaxies yet.
2.7 Summary of Section 2
The main result of this section is that most of the star formation in the Universe is happening in infrared rather
optical galaxies with star formation rates of about 100 M⊙ yr
−1. Most of this star formation is unaccounted for
in optical surveys because of internal extinction, but this internal extinction is not large; a number of independent
arguments suggest that it is no more than a few magnitudes in AV . The host galaxy of GRB 980703 appears to
be a good prototype. The starbursts in these galaxies are likely to be short-lived [100].
The precise fraction of star formation fIR that happened in infrared galaxies is uncertain but it is probably
above 50 % [30].
One of the main constraints on fIR come from the spectrum of the extragalactic background light. In partic-
ular, our estimate of fIR will be too high if infrared part of the EBL spectrum is overestimated, perhaps due to
contamination from a warm Galactic component [101].
It will also be too high if the optical part of the the EBL spectrum is underestimated, as would happen if there
exists significant amounts of optical flux originating from the outer parts of galaxies. This would contribute to the
EBL [102], but would not be accounted for in determinations of the EBL obtained by summing contributions from
resolved sources. It would also be unaccounted for in determinations of the optical Madau Plot, particularly if the
star formation is happening at high redshift where (1 + z)−4 surface-brightness dimming is important [58]. If this
were the case, there would need to be very many stars or their remnants today in the outer parts of galaxies and
their halos, like the cold white dwarfs observed by Oppenheimer et al. [18].
Yet another issue which could lead to an overestimate of fIR is the temperature T of dust-enshrouded star-
bursts. If they are significantly lower than 40 K, then the star-formation rates implied by radio measurements
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for galaxies like the host galaxy of GRB 980703 will be too high. The logic is as follows. The temperatures are
determined by modelling, number counts, the EBL, and SEDs for a few luminous sources [32]. But if the bulk of
the energy is produced by sources of moderate luminosity (like the SCUBA 1 mJy sources) that are colder than
the more luminous sources that contribute to the bright end of the counts and have well-determined SEDs, then
the bolometric luminosities of the moderate-luminosity starbursts (Lbol ∼ S850 T 4.5) and their star-formation rates
(SFR ∼ Lbol) will be overestimated. When we then determine SFR from a radio flux for any galaxy based on the
radio-submillimetre flux calibration [71,72], it will be too high. When summed over the entire infrared poplation
based on flux and/or background measurements, the consequent value of fIR will be an overestimate.
3 THE LOCAL GALAXY POPULATION
3.1 Galaxy types and stellar populations
3.1.1 Disks and Spheroids
Most familiar luminous galaxies are giant galaxies, either ellipticals or spirals.
Giant ellipticals have high brightnesses at their centres and absolute B magnitudes between about −25 and
−15. Elliptical galaxies are featureless, with brightness profiles that are high in the center and lower far away from
the center. They are red and metal-rich (typically 1 – 2 Z⊙), consisting mainly of old stars.
Spiral galaxies have absolute B magnitudes between about −24 and −18. They often look smooth near their
centres (where the brightnesses are highest) and have spiral arms at large radii from ther centres. The spiral arms
are often irregular in form and one can see many condensations or knots, like HII regions which are making stars.
Spiral galaxies can generally be separated into bulges and disks [103,104]. The bulges are predominantly composed
of old, red Population II stars. The disks contain young, blue Population I stars, particularly in spiral arms where
there is considerable ongoing star formation.
The familiar Hubble sequence Sa→Sab→Sb→Sbc→Sc→Scd→Sd is used for categorizing spiral galaxies. The
main parameter which varies along the sequence is the relative luminosities of the bulge and disk [105,106]. Galaxies
classed Sa have substantial bulges. Galaxies classed Sd have no bulges. Familiar examples are M81 (Sab), M31
(Sb), the Milky Way (Sbc), M51 (Sbc), M101 (a luminous Scd) and M33 (a low-luminosity Scd).
A less common type of giant galaxy is the peculiar galaxy. They are often systems of interacting galaxies
(e.g. ref. 107) or galaxies that have undergone a recent interaction. These galaxies normally have SEDs which peak
at infrared wavelengths. Familiar examples are the Antennae (NGC 4038/9), NGC 7252 and Arp 220.
Galaxies with absolute blue magnitudes fainter than −18 are mostly dwarf galaxies. There are two kinds:
red dwarf elliptical (dE) galaxies with old stars, smooth morphologies and no detectable HI gas, and blue dwarf
irregular (dIrr) galaxies which have younger stars, complex morphologies (often they are star-forming condensations
embedded within a luminous matrix) and appreciable HI gas. The dwarf irregulars are generally metal-poor (<
0.1 Z⊙) whereas most dwarf ellipticals have higher metallicities (although still lower than those of giant elliptical
galaxies). The dEs in the Local Group cover a large range in absolute magnitude, from NGC 205 (MV = −15)
to Draco (MV = −8.5). There are also a number of dIrr galaxies in the Local Group, like the Large and Small
Magellanic Clouds (LMC and SMC) and NGC 6822.
If a galaxy has a bright quasar at the center, the quasar is usually so bright that one cannot see the rest of
the galaxy. Such objects therefore look pointlike.
Finally, there do exist other, rarer, less classifiable galaxies, like giant low-surface-brightness galaxies that can
barely be seen above the sky. Malin 1 [108] is the prototype of this kind of galaxy.
3.1.2 Halo Stellar Populations and MACHOs
Galaxy halos mostly consist of dark matter, but there are small number of field halo stars. These are Population
II stars, identified in the Milky Way by their halo kinematics. The fraction of the Galaxy’s stellar mass that is
in the halo is very small (a few percent or less), but the exact mass of the halo stellar component is known very
imprecisely. Freeman & Bland-Hawthorn [109] suggest a total stellar halo mass of about 109 M⊙, but Binney &
Merrifield [110] point out that many of the blue horizontal-branch stars used to estimate the halo mass might in
fact be thick disk members and that the field halo stellar mass may be only about 108 M⊙.
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Another stellar mass component of the Galactic Halo is the globular cluster (GC) population. These are about
150 dense, very old Population II systems of characteristic masses 105 − 106 M⊙. Individual globular clusters are
susceptible to tidal disruption (e. g. Pal 5; ref. 111) and much of the field halo could have been generated in this
way, although for most halo stars to have been part of a GC at some time in the past the GCs would have to have
been very much more numerous then than now.
In an interesting recent development, Oppenheimer et al. [18] have discovered a number of cold (presumably
old) white dwarfs in the Milky Way halo. They are almost dark: the prototype WD0346+246 has a mass of about
half a solar mass but a V absolute magnitude of about 17 [112]. Oppenheimer et al. [18] suggest that about 2% of
the halo dark matter could be in the form of these white dwarfs. If a contribution from helium white dwarfs (which
are not detected by Oppenheimer and collaborators) is included, this fraction could be higher. The total mass of
the progenitors of these stars, massive stars which would have completed their evolution and become white dwarfs
long ago and since cooled, is then comparable to the mass of stars in the rest of the galaxy. The mass in these
remnants is far greater than that predicted from the extrapolation of the normal field halo star mass function.
If the Milky Way is typical of other galaxies, then an appreciable fraction of the star formation in the Universe
would then have produced stars which reside in galaxy halos. This would be quite remarkable in light of our other
knowledge of the galaxy formation process so it is worth examining possible sources of systematic error in the
derivation of the 2% fraction quoted above. Possible systematic errors could arise from:
(1) contamination from a thick disk [113];
(2) contamination from stellar remnants ejected from the Galactic disk by 3-body or multiple encounters [114], or
the remnants of donor stars from disk Type Ia supernovae [115];
(3) the derivation of density in the V/Vmax method used by Oppenheimer et al. [18] is sensitive to assumptions
which are difficult to test about the joint proper-motion–luminosity distribution function of the subsample used to
derive the density.
A second remarkable aspect of this result is that it would not be consistent with our picture of Galactic or
cosmological chemical evolution [19]. The problem is that the white dwarf progenitors would eject a large mass of
metal-rich gas. This gas is not present in the Milky Way, nor (should it have been ejected by a galactic wind) in
Lyman-α forest clouds.
Additionally, the results from the MACHO microlensing collaboration are now available. The purpose of this
project was to look of lensing events by dark objects in the outer Milky Way halo where the sources were LMC
stars. The results are [116]: between 8 % and 50 % of the dark halo consists of objects with characteristic masses
between 0.15 M⊙ and 0.9 M⊙. This mass may or may not be baryonic. If it is, many of the baryons in the
Universe will be in the form of MACHOs. Because the mass range above corresponds to stellar masses, MACHO
production, probably in galaxy halos, would then dominate the cosmic star formation history. This would again
be a remarkable result, given what we know about star and galaxy formation.
The important issue then is to determine whether or not MACHO production is or is not represented in the
Madau Plot, and this depends on the nature of individual MACHOs themselves. Possible candidates include:
(1) normal hydrogen-burning stars. This would appear to be ruled out as the MACHO results would overpredict
the observed field halo star number density by at least an order of magnitude;
(2) non-hydrogen-burning stars. Brown dwarfs are stars too low in mass (< 0.08M⊙) for hydrogen to ignite, but the
MACHOs are more massive than this. If somehow stars with masses ∼ 0.5M⊙ can form but fail to ignite hydrogen,
these could be MACHOs if they exist predominantly in galaxy halos. Possible mechanisms for forming such objects
are described by Hansen [117] and Lynden-Bell & Tout [118], based on the collapse of thermal instabilities in
primordial gas. In this instance the MACHOs would contribute significantly to the baryon mass density of the
Universe, but not to the Madau Plot since they would never generate radiation at any wavelength;
(3) cold white dwarfs. Although they have the right masses, the mass density of cold white dwarfs measured
by Oppenheimer et al. [18] appears too low for most MACHOs to be this kind of object. More generally, stellar
remnants that form as the end stages of stellar evolution are unlikely to be MACHOs if they as numerous as implied
by the microlensing results, because they would then produce more helium and heavy elements than is consistent
with observation [19,119];
(4) cold dark matter condensations. Most of the halo appears to be made of dark matter that is probably cold. The
behaviour of instabilities in a dark matter fluid in which is embedded large number of stars is complex, particularly
if the stars have a different velocity structure to the dark matter. If the instabilities grow to masses comparable
to those of the stars, they could be MACHOs. Because the dark matter in this case would not be baryonic, the
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formation of these MACHOs would not be represented on the Madau Plot. Note the importance of a field halo
star population in such a scenario. In this scenario, galaxies lacking a substantial field halo population (like Local
Group dwarf ellipticals) would not contain many MACHOs;
(5) quark nuggets [120] or other exotic forms of dark matter. Again, if the dark matter is of this type its formation
would not be included in the Madau Plot. But there would certainly be an element of coincidence at work here: it
is not clear why the dark matter would clump on exactly the same mass scales as normal stars and their remnants.
Finally, it is worth remarking that the interpretation of the MACHO observations is subject to numerous potential
systematic errors (e.g. anomalous LMC substructure, self-lensing); so the numbers given in the previous paragraph
could in principle be too high. The EROS microlensing project [121] has found less candidate events than the
MACHO project and as more data is taken and analysed, potential systematic errors associated with particular
lines of sight will become better understood.
3.2 Luminosity Functions
The total luminosity function of galaxies is well described by a Schechter function (Equation (1). One of the
results from the large redshift surveys that are currently in progress [14,15,47,122,123,124,125,126] is a precise
measurement of the galaxy luminosity function of the local Universe.
3.2.1 Type-specific Luminosity Functions
If the luminosity function is broken down into the contributions from different types of galaxies, more complex
patterns emerge [13,127]. The luminosity functions of E, S0, Sa, Sb, Sc, and Sd galaxies are described approximately
by Gaussian functions, in order of decreasing mean luminosity. The luminosity functions of dIrr and dE galaxies
are described by Schechter functions of comparable characteristic luminosity. It is further possible to perform
bulge-disk decompositions and to obtain the luminosity functions of different stellar populations, most significantly
for the bulges and disks in Sa and Sb galaxies (the star-forming disk component is negligible in earlier-type S0 and
E galaxies, and the bulge is negligible in later-type Sc and Sd galaxies). The luminosity functions for each stellar
population can be converted from optical to near-infrared K-band (2.2 µm) luminosity functions using optical–
near-infrared colours (e. g. ref. 128). The K-band luminosity functions are particularly useful since the K-band
luminosities are not strongly affected by internal obscuration from dust within the galaxies (AK = 0.1AV ).
3.2.2 The Stellar Initial Mass Function
The luminosities of stellar populations depend mainly on the contributions from high-mass stars. In young Pop-
ulations I these are blue OB stars. In old Populations II these are red giants and supergiants. The masses of the
populations, however, depend primarily on the contributions from low-mass stars, whose observational signatures
are weak.
A stellar initial mass function (IMF) ξ(m) therefore needs to be assumed when comparing observational
quantities which depend on luminosities to theoretical quantities which depend on masses. Population masses,
mass-to-light ratios, and star formation rates all depend on the mass integral ΞM =
∫∞
0
mξ(m) dm.
Luminosities, on the other hand, are closely related to the same integral performed above some threshold mass
ml: ΞL =
∫∞
ml
mξ(m) dm.
The general form of the IMF is a steep power law at high masses which flattens at 0.5 – 1 M⊙. The IMF does
not appear to vary significantly from place to place [129]. The most simple approximation to the IMF is a single
power-law ξ(m) ∝ mα [130,131]. More complex functions that are derived from direct fits to data are the IMFs of
Gould et al. [132] and Kroupa et al. [34]. The Kroupa et al. [34] IMF has the advantage of a simple analytic form:
ξ(m) =


1.87 ξ(1)m−1.3 0.08 ≤ m < 0.5,
ξ(1)m−2.2 0.5 ≤ m < 1.0,
ξ(1)m−2.7 1.0 ≤ m,
(3)
where m is the stellar mass in units of the solar mass.
A commonly used IMF is the Salpeter [130] IMF with α = −2.35 and a lower-mass cutoff of ml = 0.1 M⊙.
Let us call the mass-integral of this IMF Ξ0. If then lower-mass cutoff is raised to 0.15 M⊙, then Ξ = 0.87Ξ0. For
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a Gould, Bahcall & Flynn [132] IMF below 1 M⊙ and a Salpeter one above it, Ξ = 0.60Ξ0 (see ref. 106). For the
Kroupa, Tout & Gilmore [34] IMF with a lower-mass cutoff of 0.1 M⊙, Ξ = 0.45Ξ0. This is the IMF we assume
elsewhere in this review. The reason that the mass integral is so much (about a factor of two) lower than the
Salpeter one is the flattening of the IMF at low masses and the consequent absence of low-mass stars, the ones that
dominate the mass integral.
3.2.3 Type-specific Mass Functions
The mass function of entire stellar populations may be derived by combining galaxy luminosity functions, bulge-
to-disk ratios and population mass-to-light ratios Γ. This is done in Figure 7. The quantity Γ ∝ Ξ, so each of the
curves in Figure 7 scales with the value of Ξ appropriate to that population. If the IMF is universal, all curves
scale by the same amount.
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Figure 7: The galaxy mass functions φ(M) for elliptical (E), lenticular (S0), spiral (Sab, Sc, Sdm), dwarf irregular
(dIrr) and dwarf elliptical (dE) galaxies. The bulge and disk component of the spiral and lenticular galaxies are
considered separately. This figure is based on the luminosity functions of Binggeli et al. [13] and the mass-to-light
ratios, bulge-to-disk ratios and cosmological luminosity density of Fukugita et al. [106]. The mass-to-light ratios
used here are average values for classes of stellar populations (e.g. spheroids or disks). A more rigorous analysis
would include the luminosity dependance of the stellar mass-to-light ratios (M/L ∝ L0.35; ref. 133, which follows
from the fact that lower luminosity galaxies have lower metallicities [134].
Note that these mass functions apply to the stellar populations alone and are independent of the presence or absence
of dark matter. Furthermore, for stellar populations the mass-to-light ratios are increasing functions of luminosity,
but when the dark matter is included they become decreasing functions of luminosity [135] i. e. lower-luminosity
galaxies are increasingly dark-matter dominated.
Figure 7 shows that the most massive systems are luminous elliptical galaxies. No spiral bulges or disks are
as luminous as the most massive ellipticals. These massive systems probably turned their gas into stars very early
in the history of the Universe. They have likely cleared out their catchment volume early on and have little or no
gas left to form disks and/or turn into stars. This follows from the facts that (1) the earliest-forming systems have
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had the most time to convert gas into stars, and (2) the most massive systems have large gravitational potential
wells and so are particularly efficient at collecting gas, compressing it to high densities, and turning it into stars.
In clusters of galaxies (note that Figure 7 is appropriate for the field and is not relevant in this context), the
supergiant cD galaxies are even more luminous than the most luminous field elliptical galaxies. These are probably
formed by special cluster processes linked to the tidal disruption of individual cluster galaxies in the presence of
the massive cluster dark-matter halo. This is inferred by:
1) the positions of cD galaxies in the precise centres of galaxy clusters;
2) the huge extended stellar halos around cD galaxies;
3) the high stellar velocity dispersions in the outer parts of cD galaxies [136], implying the presence of dark matter
in amounts characteristic of galaxy clusters rather than individual galaxies.
Finally note that spheroid populations (ellipticals and bulges) have higher mass-to-light ratios than galaxy
disks, by a factor of about 4. This is why there are comparable masses of bulge and disk in Sb and some Sc
galaxies, even though the disks dominate the optical luminosities.
3.2.4 Low-luminosity and Low-surface-brightness Galaxies
One long-standing concern in extragalactic astronomy is that galaxies with extremely low surface brightnesses could
dominate the luminosity density of the Universe [137]. These would missing from optical surveys because they are
never visible above the night sky. Recent measurements have shown, however, that the contribution from galaxies
with extremely low surface brightnesses has been shown to be small. These conclusions follow from deep optical
surveys (the survey of Trentham & Tully [16] reaches nearly 29 R mag arcsec−2). The results are particularly
important at low luminosities, where most galaxies, like the Local Group dwarf spheroidals, are known to have
low surface brightnesses [138]. These low-luminosity, low-surface-brightness dwarfs, like Draco [139], have high
dark-matter fractions but their number densities are not high enough that their dark matter dominates the total
mass density.
In the Local Group, incompleteness in the luminosity function due to our missing very low surface brightness
objects is perhaps more of a concern since they cover such large areas of sky. Around M31 the census [140] appears
to almost complete. Around Milky Way, new dwarfs like Cetus [141] are still being discovered, but these have
absolute magnitudes fainter than MB = −11, the magnitude limit of the luminosity function discussed in this
section).
3.2.5 Environmental Effects
There is increasing evidence that the galaxy luminosity function is somewhat different in high density environments
like galaxy clusters than in low density environments (“the field”). There appear to be two types of galaxy luminosity
function – one for evolved regions (where the elliptical galaxy fraction is high, the galaxy density is high and the
crossing time is short) like the Virgo Cluster and one for unevolved regions like the Ursa Major Cluster (an
accumulation of about 80 spiral and lenticular galaxies; ref. 142) and the Local Group. The Virgo and Ursa Major
LFs represent natural prototypes for the two kinds of luminosity function (see Figure 8) due to the small Poisson
counting errors in the functions (ref. 143 for Ursa Major, ref. 144 for Virgo).
The main differences between the two are that (1) amongst the more luminous galaxies, the elliptical galaxy
fraction is higher in clusters than in the field and (2) in clusters there are more low-luminosity dwarf galaxies
per giant galaxy, although all environments are deficient in dwarf galaxies compared to the predictions from cold
dark matter theory, which is otherwise very successful at explaining the properties of galaxies and their large scale
distribution.
The preponderance of giant elliptical galaxies in clusters is probably due to ram-pressure stripping of gas in
cluster galaxies by the hot intracluster medium and by the numerous galaxy-galaxy interactions in the history of
cluster galaxies, particularly in the early stages of cluster assembly, before the galaxies acquired high velocities
(due to the high cluster velocity dispersion).
The preponderance of dwarf elliptical galaxies in clusters is probably due to the fact that the stars in the dark
halos surrounding dwarf galaxies formed at an earlier time than the stars in field galaxies. This is borne out by
the red colours of cluster dwarfs compared to field dwarfs. The higher dwarf-to-giant ratios in clusters may be due
in part to the fact that cluster dwarfs, unlike field dwarfs, formed prior to reionization [145], although it seems
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likely that this is not the only important physical effect [146]. More generally, the conditions under which stars
formed in galaxies in dense environments (that would later become galaxy clusters) in the early Universe is very
likely different from the way stars formed in galaxies in normal, diffuse environments at late times.
In the context of the current discussion we are interested in the field luminosity function, not the cluster one.
The fraction of the mass in the Universe in dense elliptical-rich clusters is small, perhaps not more than a few
percent. But the first galaxies in the Universe to form probably exist in such environments today. These tend to
be the easiest galaxies to study, particularly at high redshift, so care must be taken not to draw conclusions about
cosmology from the properties of small numbers of extreme objects.
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Figure 8: The galaxy luminosity function for the Virgo (filled symbols; ref. 144) and Ursa Major (open symbols;
ref. 143) Clusters for elliptical/lenticular (E/S0), spiral (S), and dwarf (dw) galaxies.
3.3 Structural and Kinematic Parameters
Giant elliptical galaxies have brightness profiles well fit by a de Vaucouleurs r
1
4 law;
I(r) = Ie e
−7.67
(
( rre )
1
4−1
)
, (4)
where Ie and re are the effective brightness and radius. The structural parameters – the absolute magnitude,
effective surface brightness, central velocity distribution, effective radius radius – of elliptical galaxies are described
by the fundamental plane [147]. Importantly, as the luminosity of elliptical galaxies increases, their central surface
brightness decreases (see Figure 9). Luminous elliptical galaxies like M87 are diffuse in their centre and are extremely
large. Small elliptical galaxies like M32 are dense and bright in their centres and are extremely compact. The most
luminous ellipticals also tend to have dense stellar cores. These are rarely isothermal [148] and have light profiles
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that are flatter than an extrapolation of an r
1
4 law to small radii. Lower luminosity ellpticals tend not to have these
cores; rather they have power-law brightness profiles that extend all the way to their centres [149]. More luminous
ellipticals also tend to have isophotes that are boxy, lower-luminosity ellipticals that are disky [150].
The most luminous ellipticals are flattened by velocity dispersion anisotropy, lower luminosity ellipticals by
rotation [151]. The cores in the luminous ellipticals are often kinematically decoupled from the rest of the galaxy
(e. g. ref. 152) and can even be counter-rotating. Kinematic measurements [39,153] also infer the presence of
supermassive black holes in the centres of elliptical galaxies, probably the remnants of dead quasars and AGNs. The
black holes have masses roughly in proportion with the stellar masses of the entire galaxy: Mbh ≈ 0.005−0.010M∗
for our adopted (low-Ξ) IMF and cosmology.
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Figure 9: The absolute magnitude vs. central surface brightness relationship for various stellar systems, adapted
from Binggeli [138]. Stellar systems do not normally occupy the regions between the shaded areas, notable ex-
ceptions being Malin 1 and M32. Another possible group of exceptions are star-forming compact galaxies, like
Markarian 1460 [154]. For other examples, see the samples studied by Doublier [155] and Drinkwater [156,157].
Bulges of spiral galaxies are similar in many ways to low-luminosity elliptical galaxies. They have brightness
profiles that follow a r
1
4 law, lie on the same fundamental plane as elliptical galaxies, are flattened by rotation
as opposed to velocity dispersion anisotropy, and have black holes whose masses follow the same black-hole-mass
vs. stellar mass correlation as elliptical galaxies.
The disks of spiral galaxies have lower surface brightnesses than elliptical galaxies and have brightness profiles
which follow an exponential law:
I(r) = I0 e
− r
h , (5)
where I0 and h are the central surface brightness and scale length. Many disks have central surface brightnesses
close to precisely 21.6 B mag arcsec−2 [158].
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Dwarf galaxies also have exponential light profiles. They have decreasing surface brightness as they get lower
in luminosity, a correlation in the opposite sense to that for elliptical galaxies. The faintest dwarf galaxies, Draco
and Ursa Minor (MV = −9), have very faint surface brightnesses indeed and are barely visible above the sky. Both
types of dwarf galaxy have similar correlations of magnitude with surface brightness [159] and appreciable dark
matter halos (e. g. ref. 139).
Globular clusters have light profiles that are well-fit by King models [160]. Like dwarf galaxies, they have
decreasing surface brightness as they decrease in luminosity, but they do not have substantial dark matter halos
and have much higher surface brightnesses than dwarf galaxies. Consequently they are easy to distinguish from
dwarf galaxies although they have comparable optical luminosity. Globular clusters are spherical in shape and
normally found in the halos of giant galaxies, sometimes far out in the outer halo e.g. the Pal Clusters and NGC
2419 [161] around the Milky Way. The formation mechanism for globular clusters is poorly understood [162] but
there is evidence of a supermassive black hole in the centre of the Milky Way globular cluster M15 [163,164] and
this may provide some important clues. Globular clusters that are unambiguously intergalactic have yet to be
found, even in galaxy clusters [165].
3.4 Colour-magnitude Diagrams and Star Formation Histories of Local Group Galaxies
Detailed star formation histories are available for Local Group galaxies because individual stars can be resolved,
even at the low-mass end of the main sequence. Some general results are summarized by Hodge [166]. Of particular
note are
1) M31 and the Milky Way have quite different star formation histories. In M31 almost all the stars were made at
early times. In the Milky Way many stars were made early on, but the star formation has continued to the present
day, the current rate being about 1 M⊙ yr
−1;
2) the star formation in the Magellanic Clouds is extremely sporadic, with bursts happening on scales of 1 kpc
separated by times of about 108 yr. When we look at most dIrr galaxies (like the Magellanic Clouds), we typically
see a small number of extremely blue regions of enhanced star formation embedded in a blue luminous matrix of
typical dimension 1 kpc. In order to generate this instantaneous view, the bursts must have lifetimes comparable
to 108 yr and the young stars responsible for the blue light must form with such a high velocity that many are able
to leave their birthsites before they die. There must also be a plentiful gas supply all over the galaxy to fuel this
star formation. Note that dIrr galaxies are observed to be HI-rich;
3) Local Group dwarf elliptical galaxies have a wide variety of star formation histories. For example, in Ursa Minor
all the stars are very old and metal-poor – indeed the colour-magnitude of this galaxy [167,168] looks similar to
that of a Milky Way globular cluster. On the other hand, in Carina (e. g. ref. 169) most of the stars formed several
Gyr after star formation began.
In the Local Group, M31 and the Milky Way are the only two luminous giant galaxies of type that dominate
the local cosmic star formation rate. So we need to look beyond the Local Group if we wish to get colour-magnitude
diagrams of typical luminous star-forming galaxies. The problem is that, for such galaxies, we can only resolve the
most luminous stars (this is increasingly true with increasing distance and consequently with increasing sample
size). In general, we must model star formation histories based on stellar evolutionary theory (that is well-tested
in the Milky Way and Local Group), colour-magnitude diagrams of the most luminous stars, broadband colours of
the galaxies, and various spectroscopic indicators [170,171,172,173,174,175].
These models work well but uniqueness is a problem, especially as to determining precisely when unresolved
very old stars (the ones which dominate the stellar light in most massive galaxies) form – this is because observables
which are sensitive to the presence of these stars, like near-infrared colours, vary only slightly with age when the
stars get old. The situation will improve significantly with the advent of the Next Generation Space Telescope,
when we will be able to probe much further down (in terms of stellar luminosity) the colour-magnitude diagram
for galaxies beyond the Local Group.
3.5 Calculation of Ω∗
Fukugita et al. (ref. 106, hereafter FHP98) sum over the optical (B-band) galaxy luminosity function to determine
the luminosity density of the Universe and then compute Ω∗, the cosmological density in stars in units of the critical
density. The principal uncertainties in this analysis are the normalization of the galaxy luminosity function (and
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consequently the galaxy luminosity density) and the stellar initial mass function. They find
Ω∗ = 0.0024 h
−2
( LB
2.0× 108 hL⊙Mpc−3
)(
Ξ
Ξ(GBF)
)
, (6)
where LB is the local luminosity density of the Universe and Ξ(GBF) is the mass-integral of the stellar IMF
appropriate to the IMF of Gould et al. [132]. About 3/4 of these stars are in spheroids (ellipticals and bulges of
spirals) and 1/4 in disks. Adopting h = 0.65, and using the value of Ξ implicit elsewhere in this article (from
Kroupa et al. [34], hereafter Ξ(KTG)), Equation (6) implies Ω∗ = 0.0036. The uncertainty in this value is large
and depends on a number of factors:
1) Uncertainty in LB. This is probably about 10% of LB, estimated by FHP98 based on an intercomparison of the
results of various redshift surveys;
2) Uncertainty in the mass integral of the stellar IMF Ξ. This is difficult to estimate because the contribution
to the total stellar mass from low-mass stars is poorly determined in any galaxies other than the Milky Way. A
plausible estimate of the uncertainty can be obtained by comparing the values of Ξ from different Galactic surveys:
σ(Ξ)/Ξ ≈ [Ξ(KTG)− Ξ(GBF)]/Ξ(KTG) = 0.33
3) Uncertainty in the global mass-to-light ratio < Γ > averaged over all stellar populations, which can be further
divided into two:
3a) Uncertainty in the conversion between mass and luminosity for a given population with known IMF. This is due
to uncertainty in the models described in the previous section, which are due to uncertainties in radiation transfer
modelling in stars, in modelling stellar evolution (which is sensitive to stellar ages), and in the contributions from
stellar remnants of different types. It is further complicated by our lack of knowledge about the precise nature
of internal extinction. FHP98 use the models of Charlot et al. [176] to determine Γ = 5.4 − 8.3 for the B-band,
corresponding to a fractional uncertainty of 0.42.
3b) Uncertainty in the proportions of different stellar populations in different galaxies. For example, Simien & de
Vaucouleurs [105] determine that only 61 % of the light in elliptical galaxies comes from old stars with high mass-
to-light ratios, not the 100 % conventionally assumed (e. g. FHP98 and references therein). As Population II stars
typically have Γ about 4 times higher than Population I stars, this uncertainty leads to a fractional uncertainty in
Ω∗ of about (4− 4× 0.61− 0.39)/4 = 0.29 for the elliptical galaxy contribution. For other galaxy types, this source
of error is less, and the luminosity-weighted fractional uncertainty averaged over all galaxy types is closer to 0.2.
Combining all these uncertainties suggests a value Ω∗ = 0.0036± 0.020.
A similar analysis done in K-band also yields Ω∗ = 0.0036, with comparable error. The motivation was to use
data where the effects of internal extinction are small and we are able to observe the stellar populations directly.
Although the method was similar, in deriving this number I tried as far as possible to use different datasets: the
luminosity density was drawn from the K-band luminosity function of Szokoly et al. [177], near-infrared mass-to-
light ratios from Thronson & Greenhouse [178], and near-infrared colours from de Jong [179] and Huang et al. [128].
It is therefore reassuring that the results are so similar.
In summary I conclude
Ω∗ = 0.0036± 0.020.
If a Salpeter, not Kroupa et al. IMF [34] is used in deriving Ξ, a value of Ω∗ a factor of two higher.
These values of Ω∗ are much lower than the values of Ωbaryon = 0.052 ± 0.008 (h/0.65)−2 inferred from big-
bang nucleosynthesis (refs. 180 and 181; however note the discrepant results in the deuterium abundance derived
by Songaila et al. [182] and O’Meara et al. [183]) and microwave background anisotropies [184,185]. Most of these
missing baryons are not associated with galaxies at all (Ωgas in galaxies ∼ 0.0006; FHP98). Most are in ionizied gas
in small groups. Theoretical arguments [186] based on the broadening of Lyα forest lines in quasar absorption
spectra suggest that most baryons exist in the intergalactic medium (IGM) at z ∼ 2. The same seems to be true
at z = 0 although the growth of structure in the Universe between z = 2 and z = 0 means that this gas is now
associated more with diffuse galaxy groups (FHP98) than in a genuine, smooth IGM.
So a picture is emerging where the mass content of the Universe [185] is about 65 % dark energy (perhaps a
cosmological constant), 30 % dark matter (probably cold) which has a pressureless equation of state and clumps
gravitationally, and 5 % baryons of which about one-tenth is in stars. It is interesting that this inventory, suggested
mainly from observations of the cosmic microwave background in conjunction with studies of high-redshift super-
novae [187], is consistent with the distribution of material in rich galaxy clusters [188]. These clusters are bound
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systems that assemble at late times but represent high-σ peaks in the mass distribution, so it is likely that the
star formation in the galaxies within them was complete at early times and that the cluster material distribution
is close to the “end-state” distribution for the Universe. This notion is consistent with what we saw in Figure 1 –
the star formation rate at the present time is very much lower than what it was in the past.
A question that follows from the previous paragraph: is the cold dark matter associated with individual galaxies
containing stellar populations? Giant galaxies do not possess sufficient dark matter for this to be the case. For
example, M31 has a total (including dark matter) mass-to-light ratio of about 60 [189] and a stellar mass-to-light
ratio of about 5. Therefore about 1 part in 12 by mass is in stars, much higher than the ratio 0.5/30 implied in
the previous paragraph. Dwarf galaxies are also not a candidate. Galaxies like Draco possess a great deal of dark
matter, but not enough to explain the difference between the observed field galaxy luminosity function and the
cold dark matter mass function (Figure 10). Therefore most cold dark matter is likely to reside in individual dark
halos containing no stars [190] or to be smoothly distributed.
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Figure 10: The ratio of the galaxy mass function to the field luminosity function, normalized so that a galaxy
havingMR = −22.1 has a mass-to-light ratio of 60, as appopriate for M31, given the analysis of Evans & Wilkinson
[189]. The mass function is computed from Press & Schechter [191] theory, assuming the CDM power spectrum
of Efstathiou, Bond & White [192] with a shape parameter Γ = 0.3 and a normalization σ8 = 1. The luminosity
function is the Ursa Major luminosity function [143], assumed to be representative of the field. The three points
show the mass-to-light ratios of M31 [189], the Milky Way [193] and Draco [194 with an upper limit from ref. 195],
using absolute magnitude from ref. 196, adjusted to the R-band assuming V −R = 1.
4 THE MATCH BETWEEN THE COSMIC STAR FORMATION HISTORY AND THE LOCAL
GALAXY POPULATION
A major aim of extragalactic astronomy is to combine the results of the previous two sections. The equation
describing the formation of stars in the Universe is
Σi
∫
L
Lφi(L) Γi dL =
∫
t
SFR(t) dt, (7)
27
where Γi is the mass-to-light ratio of stellar population i (Γi is derived from stellar evolution and population
synthesis models). Having gotten φi(L) and SFR(t), the aim is then to evaluate this equation in detail, matching
the contributions to the sum in the first term to the relevant part of the integral in the second term. The first stage
will be to evaluate the integral on the right-hand side of Equation (7); note that the sum on the left-hand side has
already been computed in Section 3.5. Integration of the Madau Plot described in Section 2 gives
Ω∗ ≈ 0.0038
(
0.16 + 0.11
1 + P150 nm
4.7
+ 0.73
1 + P280 nm
2.7
)
1
1− fIR . (8)
Here the P values are contribution-weighted averages. Given the numbers in Section 3.5, this would seem to provide
evidence in favour of a small value of fIR.
Below are listed some of the important observational and theoretical results that will provide constraints on
the matching algorithm, along with descriptions of improvements that are expected to happen over the next few
years.
4.1 Evolution of Ω∗
In an important study Papovich et al. [197] measured the evolution of Ω∗ by determining the stellar masses of
an optically-selected sample of field galaxies with spectroscopic or photometric redshifts. This was achieved by
performing near-infrared photometry and fitting the evolutionary models described in Section 3.4 to broadband
colours. Because the wavelength baseline is so long, the stellar masses are well-determined for the galaxies. A
more recent study using a larger sample was performed by Dickinson et al. [198], and their results are presented in
Figure 11.
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Figure 11: The evolution of Ω∗ (adapted to our cosmology and stellar IMF), the cosmic density in stars. The data
are from Figure 7 of Dickinson et al. [198] and come from refs. 15, 47 and 199. The lines represent the predictions
of four groups of models described in Figure 4, defined by fIR and < zIR >.
These studies already provide tight constraints – the error bars in Figure 11 are small. It appears that about
85% of the stars in the Universe formed between z = 2 and z = 1. Two immediate conclusions are:
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1) another population of star-forming galaxies is required in addition to optical galaxies. This is because the shape
of the dashed line in Figure 1 is such that its integral over time between z = 2 and z = 1, while high, does not
represent 85% of the total integral. Given the discussion in Section 2, infrared galaxies would seem to be a natural
candidate for this extra population;
2) the infrared Madau Plot must be heavily peaked at some redshift between z = 2 and z = 1. The four models
shown in Figure 11 are all based on Gaussians in redshift with widths σz = 0.5, which are clearly too broad.
Since the random errors are small, one particulary constructive line of observational study will be to eliminate
any possible systematic errors. The most serious systematic errors likely pertain to source selection. Much active
star formation is hidden by dust and it is possible that many evolved stellar populations are also obscured by
dust, particularly if dust dispersion timescales are long. These stellar populations would be missing from optical
surveys. so multiwavelength selection may be required. Also surface-brightness selection effects may be important,
particularly at high redshift where (1 + z)4 cosmological surface-brightness dimming is important. At low redshift
this is less of a concern since the systems which dominate the stellar mass in Figure 7 are high surface-brightness
systems e. g. elliptical galaxies.
4.2 Stellar Population Age Matching
The construction of models describing the spectrophotometric evolution of galaxies has become an active area of
research. These models are discussed in Section 3.4 and have been very successful at explaining the properties of
nearby galaxies.
For higher redshift (z > 1) galaxies, in which much of the cosmic star formation happens, the situation is
made more difficult by the fact that only broadband colours and perhaps one or two emission line diagnostics are
available for each galaxy. This generally means that we can get the instantaneous star formation rate reasonably
precisely, as the rest-frame blue and ultraviolet flux is heavily dominated by young, massive OB stars. If near-
infrared colours are available, the total mass in stars may be determined too, as in Section 4.1. The star-formation
history, however, is poorly determined for the same reason as in Section 3.4 – for all but the youngest stars (and
consequently populations of stars), the models predict that broadband colours are a weak function of age.
Relative ages of populations, rather than absolute ages, are the most robust outputs of the galaxy evolution
models. If we have a secure measurement of the Madau Plot, these are sufficient to fully describe the match
described by Equation (7): both the left- and right-hand sides of this equation may be rewritten in differential
form.
With the next generation of instruments, like those aboard the Next Generation Space Telescope, the match
between observation and theory will improve in two ways. Firstly, we will be able to produce colour-magnitude
diagrams for galaxies beyond the Local Group to faint stellar luminosities. This means that the galaxy evolution
models can be tested more precisely. Secondly, observations of distant galaxies will be made at much higher
signal-to-noise, allowing a more detailed comparison with the galaxy evolution models.
4.3 Chemical and gas content evolution
In general, as galaxies evolve and form more stars, their gas content decreases and their metal content increases.
Later generations of stars will be more metal-rich as they will be made out of gas that is increasingly polluted. This
is implicit in the models described in the previous section. Some of the metals, however, will not be retained by
the galaxies and will be ejected into the IGM by stellar winds and supernovae, particularly from low-mass galaxies
with small gravitational potential wells. This has a number of observational consequences.
The most direct observable signatures are the abundances in Lyα forest clouds or in the outer parts of damped
Lyα systems [200,201], thought to consist of baryonic material representative of the IGM. At high redshift z > 2.5,
the chemical compositions of the clouds [202,203,204] can now be determined e. g. using echelle spectroscopy on
large telescopes. But these high redshifts do not appear (from Figure 11) to be where most cosmic star formation
happens. Measurements of abundances in clouds at low redshift are difficult because they required high signal-to-
noise ultraviolet spectroscopy, which can be done only with the Hubble Space Telescope (see e. g. the spectra in
ref. 205) and even then are difficult to perform. In the future, measurements such as these will be possible with
the Next Generation Space Telescope and will provide important constraints.
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4.4 Structural Parameter Matching
If all that happens in the evolution of a galaxy is passive stellar evolution, then the density of stars within galaxies
should be comparable to the gas densities in the star forming galaxies.
But secular evolution of stellar populations is important too. Processes like phase mixing and violent relaxation
[206] occur in most galaxies, but do not lead to huge density changes [207], when averaged over suitably large
volumes. More dramatic changes like evaporation and core collapse (following a gravothermal catastrophe) can
happen, but the timescales on which these processes operate in galaxies is normally longer than a Hubble time.
The presence of a massive dark halo is important too, particular as regards making galaxies stable to evaporation.
Stellar-kinematic mergers also play an important role in determining the final stellar densities. These are
considered separately in the next section.
Apart from studies of mergers, progress will be made in following areas;
1) integral field units on large telescopes will permit spatially resolved spectroscopy of star-forming galaxies. This
will permit us to determine the conditions at the precise locations where most of the star formation is happening
in these galaxies. This will be particularly important at near-infrared wavelengths [208] since we may be able to
make measurements in infrared galaxies like the host of GRB 980703, at least in the ones that are not too heavily
obscured. Additionally measurements of optical galaxies will be possible, allowing a determination of R;
2) as millimetre line receivers become more sensitive and as the number of infrared galaxies known increases,
studies of different transitions of different molecular species in the infrared galaxies will become possible. Given
the discussion in Section 2.5, it might be expected that species like HCN and CS, which probe extremely high
densities, will not be detected in the bulk of infrared galaxies, so a significant number of positive detections would
imply that fIR is low;
3) as spectrographs get more sensitive and are used on increasingly large telescopes, absorption-line studies will
become possible on increasingly distant evolved stellar populations. Constraints will come from such studies, when
performed on galaxies in the samples used in Section 4.1. There will be two types of constraints;
3a) direct measurements of the kinematic of stars in high-redshift galaxies, and
3b) very-high signal-to-noise measurements of the kinematics of stars in intermediate-redshift (0.1 < z < 1) galaxies,
like has already been done for a few z = 0 elliptical galaxies and bulges [209]. A template sample can then be
constructed, and the kinematics of stars in high-redshift galaxies determined by matching to this template sample if
the signal-to-noise of the high-redshift galaxy spectra is low, perhaps with the help of non-spectroscopic indicators
like colours and morphologies.
4.5 Mergers
Galaxy mergers not only affect the galaxy luminosity by redistributing light to systems of higher luminosity (with
or without triggering new star formation), but also the density structure of galaxies. In particular stars found at
very low densities could have been ejected as debris from higher-density regions during galaxy mergers, perhaps
following the formation of tidal tails (e. g. ref. 210). These stars may fall back onto the remnant galaxy or they
may become unbound, depending on the ejection velocity and the parent galaxy masses.
The reason galaxy mergers happen is normally due to the collisions of dark matter halos as structure builds up
on large mass scales in hierarchical galaxy formation scenarios like cold dark matter theory. The halos drag their
associated baryons, which we observe as galaxies, with them, and the result is a galaxy merger. Galaxy mergers
often have spectacular morphologies.
In summary, the final density structure of galaxies is determined by the joint effects of the (gas) density at
which the stars form, secular evolution, and the redistribution of stars in stellar kinematic mergers. Mergers are
quite possibly the most important of the three, as they can lead to fairly dramatic changes in the late stages of
galaxy evolution.
Particular areas where the study of mergers is evolving rapidly are:
1) observations of high-redshift mergers. Larger optical telescopes mean improved improved imaging capability in
the outer parts of interacting galaxies where dynamical clocks run slowest, the merger signature is strongest, but
the signal-to-noise is low;
2) studies of low-redshift mergers. This is driven by (1) increased sensitivity in submillimetre and millimetre line
and continuum (as well as optical) imaging, and (2) increased computer power. Detailed numerical modelling of a
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large sample of local mergers, each observed to a high level of precision, will provide an important template that
can be compared to high-redshift galaxies, for which only limited measurements are available;
3) determination of the evolution of the luminosity function of evolved stellar populations, identified as in Section
4.1. This should provide a reasonably direct measurement of the evolution of the merger rate, so long as contribu-
tions from newly-formed stars are removed. Perhaps this will be difficult if the fraction of mergers at high-redshift
that are predominantly stellar-kinematic and involve no new star formation is small. If so, this will be important
to know;
4) measurement of the optical intergalactic light, that which contributes to the EBL but is outside galaxies.
Techniques [102] are already in place to do this. If it is assumed that the majority of stars seen between galaxies
were flung out and became unbound during mergers, this measurement provides a constraint on the integrated (over
time) merger rate. If optical colours of this intergalactic light can also be measure this provides (in conjunction
with the galaxy evolution models) a constraint on the redshift-dependance on the merger rate. A possible source
of contamination which needs to be subtracted from this measurement is the contribution from galaxies that are
not resolved because their surface brightnesses are too low. These are mainly low-luminosity galaxies, and most
current indications (e. g. ref. 16) are that this contribution is small.
4.6 Joint Magorrian Relation Considerations
An identical analysis can be performed for the formation of supermassive black holes in the centres of galaxies,
many of which also seem to form in a dust-enshrouded phase (e. g. ref. 211). This process and the formation of
stars must happen in such a way so as to produce at the end the tight correlations observed between stellar mass
and black hole mass (e. g. ref. 39). The joint consideration of star formation histories and supermassive black holes
formation histories will provide constraints on the mapping described by Equation (7). It is worth discussing two
extreme scenarios.
One possible scenario is that most of the mass build-up in AGNs happens during mergers of two massive
galaxies. This is essentially the scenario proposed by Sanders et al. [37,38] and described at the end of Section
2.5. The evidence on which this scenario is based is that the timescales for the build-up of mass in supermassive
black holes are short [e. g. ref. 212] and that the host galaxies of all AGNs observed (these are all at z < 0.5)
are massive systems. This is true all along the evolutionary sequence described in Section 2.5: both for ULIGs
that are probably AGN-powered (e. g. Markarian 231) and for optical quasars (e. g. 3C 273). As AGNs evolve
along the sequence, their AGNs heat and then disrupt their dust shrouds so that the most evolved luminous AGNs
(radio-loud quasars [212]) reside in the most dynamically evolved stellar systems (e.g. elliptical galaxies; ref. 213).
The problem with this scenario is that most star formation appears to happen between z = 2 and z = 1, whereas
the quasar luminosity density redshift distribution peaks at z > 2 [214], yet quasars are expected to happen in the
very latest stages of AGN evolution.
A second possible scenario is that most of the mass build-up in AGNs happens during the early stages of galaxy
assembly, before most stars formed. The systems which later merged to form spheroids would already contain black
holes at the time of the merger. The Magorrian relation is then set by two physical processes: 1) spheroids are
made during mergers [215] via physical processes like violent relaxation so that the Magorrian relation applies to
spheroids specifically and not disks [216], and 2) the proportion of gas ending up in the central black hole in the
final object is set by the proportion of gas within a catchment volume that is capable of collapsing to very small
radii within one of the bound sub-units within the volume. This proportion depends on small-scale physical effects
and is unlikely to vary significantly from one catchment volume to another, since the volumes we need to average
over to determine these proportions are so big. When the subsystems merge in this context, the stellar remnant
(an elliptical or spiral bulge) may then possess a binary black hole, depending on the details of this merger. Such
a binary system is observed in both M31 [217] and NGC 6240 [218], although the binary in NGC 6240, a rapidly
evolving galaxy, may eventually merge to form a single black hole. The main problem with this scenario is that
no local examples of galaxies with massive black holes but few stars are known. All local AGNs, including low-
luminosity ones, are in massive galaxies and these would in this context all be secondary accretion events. For this
scenario to remain viable, we would need considerable fine tuning: the entire process of gas collapse in subunits
within a catchment volume plus AGN build-up cannot be too efficient a process or the AGN luminosity density
distribution [214] would peak at much higher redshifts or too inefficient a process or we would see at least some
local examples.
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Maybe both scenarios are operating at some level. In either case, a seed black hole [219] may be required to
trigger the entire process.
The observational tests required here are conceptually simple: deep imaging of the host galaxies of powerful
AGNs is required. Paricularly important are measurements of AGNs at different evolutionary stages, perhaps
identified by their SEDs. If the first scenario is correct, host galaxies of AGNs at all evolutionary stages will be
massive, evolved stellar systems and will show signs of tidal debris in their outer parts (where dynamical clocks
run slowest), even if they look like elliptical galaxies in their centres. The morphologies of the host galaxies will
become progressively more relaxed as the AGNs grow. If the second scenario is correct, host galaxies of AGNs at
all evolutionary stages (other than secondary accretion events) will be gas-rich galaxies yet to form their stars. The
existing stellar content of these systems will be small.
The constraints will improve in the future but already they are good enough to provide perhaps the strongest
constraint on a low value of fIR. Most galaxies that contribute to the infrared Madau plot have redshifts 2 > z > 1
(see Section 4.1). Yet these are the galaxies which are most likely to evolve into dense (Section 2.5) spheroidal
(Section 3.5) stellar systems, the ones that harbour black holes. It is the less dense optical galaxies that dominate
the Madau Plot at high redshift, but the most luminous AGNs appear to be in place by then. Considerable fine
tuning is then required to maintain a high fIR, which is what is suggested by many of the other observations
discussed in Section 2.
4.7 Number Counts
Galaxies have SEDs characterized by Lν , which are directly related to fluxes fν or apparent magnitudes mν =
−2.5 log10 fν + constant.
For any model of the galaxy population evolution, at each time or redshift each galaxy is characterized by a
particular SED. Summing over the entire galaxy population,
n(fν) =
∫
V
∫
4pidL(z)
2fν
(1+z)
φ(Lν , z) dLν dV (z), (9)
where fluxes fν are related to magnitudes mν as above. Here φ(Lν , z) is the redshift-dependent luminosity-density
function: the SED Lν is related to the bolometric luminosity L by L =
∫∞
0
Lν dν and the luminosity in any passband
T defined by the transmission function T (ν) as LT =
∫∞
0
Lν T (ν) dν/
∫∞
0
T (ν) dν. This must be consistent with
optical [220] and near-infrared [221,222,223] number count data.
Normally the number counts are presented as binned data, where the number of galaxies in each bin is
determined over a large surface area of sky (so that uncertainties due to cosmic variance are small). The reasons a
particular galaxy at a given redshift may leave or enter a bin are
1) the turning on of star formation in a galaxy. This is normally a large effect. If an infrared galaxy, the galaxy
can move up several bins for all T in the infrared. If an optical galaxy, the galaxy can move up (i. e. brightward)
several bins for all T in the ultraviolet or optical, unless it already has a substantial existing stellar population
(e. g. star formation that is suddenly turned on in local early-type or Sa galaxies), in which case it only moves up
a small number of bins;
2) stellar redistribution by mergers. If two galaxies merge and the merger is purely stellar-kinematic and not
accompanied by new star formation, they both disappear from their existing bins and reappear as a single unit is a
higher bin. This is normally a moderate effect, corresponding to a bin shift of about 1 magnitude for an equal-mass
merger. The shift happens everywhere in the spectrum but is generally most important at optical wavelengths,
since this is where the SEDs of existing stellar populations peak. Conversely, if a galaxy is broken into several
smaller galaxies e. g. by a collision, a single unit in a high-flux bin will reappear as several smaller units in low-flux
bins;
3) as the stellar populations in galaxies evolve, they normally do so in the sense of decreasing L (fading) and a
shift in Lν towards longer wavelengths (lower frequencies). For such passively-evolving galaxies, there is therefore
a slow migration towards bins of fainter flux and decreasing frequency;
4) as dust in a galaxy clumps, disperses, or gets destroyed, more light becomes visible at ultraviolet and optical
wavelengths and the SED changes to reflect this. This leads further to a trend of increasing n(mν) towards lower
frequencies. This is particularly important if infrared galaxies at high redshift evolve into (relatively) gas-poor
stellar populations at low redshift;
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5) if AGN activity is turned on, a galaxy can move upward by several bins. Where in wavelength space this is most
important depends on the SED of the AGN (see Section 2.5), which in turn depends on its evolutionary state. In
principle this could affect number counts everywhere from the radio to the X-ray, particularly at the highest flux
levels. However, AGNs are unlikely to affect the bulk of the number counts since their contribution to the EBL is
small (see Section 2.2).
4.8 The Milky Way Galaxy
Historically measurements of stars within the Milky Way galaxy have provided the most rigorous constraints on
its formation [224]. Over the next few years these measurements will increase in precision and stellar sample sizes
will become much bigger.
Clearly our knowledge of the formation of the Milky Way will expand. The application to the wider galaxy
formation problem is less clear to assess at this stage, but it seems a good idea to look for similarities between
the Milky Way and field galaxies at all redshifts, as far as possible. This may well become a major observational
industry over the next few years, as many more measurements of stars within the Milky Way are made. Both
photometric and spectroscopic indicators will be useful. Presumably the level of significance of all measurements
will decrease with increasing distance so such a procedure will, no doubt, be piecemeal.
5 SUMMARY
The formation of stars in galaxies is a well-defined problem and detailed solutions will come from observational
studies and modelling. The progress currently being made in both areas is rapid, but some results are more secure
than others in terms of their applicability to the overall problem. The aim of the current article is to place the
results in this context.
Our current knowledge of even the basic form of the Madau Plot is poor because the redshift distribution of
the infrared Madau Plot is unknown. In fact, even the value of fIR is unknown, although various measurements,
like the SCUBA 850-µm counts and the radio detections of optically-faint GRB host galaxies, lead us to suspect
that it is high.
Conversely the galaxy luminosity function at z = 0 is now very well determined. The normalization is well
known from the large number of big redshift surveys currently in progress and the extreme faint end is known from
deep surveys of nearby diffuse groups of galaxies carried out using large-format mosaic CCDs on 8 m telescopes.
Modelling of astrophysical processes like mergers and star formation in galaxies is rapidly becoming more
detailed because 1) increased computer power allows simulations with larger numbers of particles and/or resolution
elements, and 2) the observational constraints on models are becoming tighter as new discoveries are made and the
signal-to-noise of existing observational results increases. This is similarly true of the stellar population evolutioon
models described in Section 3.4.
Extragalactic astronomy is therefore a technologically-driven field and much progress will happen over the next
few years.
Many of the formalisms required to match the Madau Plot to the local galaxy function have already been
developed, as part of semi-analytic galaxy formation models [225]. Conceptually semi-analytic models [23,226,227]
adopt quite a different approach to that described here. They follow the gravitational growth of dark matter
perturbations and the collapse of baryons within them and attempt to model the large number of physical processes
that operate as this gas is converted into stars. The end product is the information listed in Section 3, and the
Madau Plot is output along the way. Here we start with the Madau Plot, and deal with the various physical
processes in a purely empirical way, so are in effect only concerned with a limited part of the galaxy formation
process. The semi-analytic models, on the other hand, directly use recipes constructed from the laws of physics.
This approach has the advantage of putting the entire galaxy formation process on a firm footing as regards the
laws of physics. It has the disadvantage that many of the more important physical processes, particularly feedback
during star formation [228], are so poorly constrained by observation that detailed modelling is not rigorous. As
the observational issues highlighted in this article get resolved, detailed modelling of the physics is a natural next
step.
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ADDENDUM
In the few weeks since this article was submitted for publication, a number of recent results have appeared in the
literature that are relevant to this work. Three studies in particular are important in the context of this review.
(i) A median redshift of 2.4 for galaxies bright at submillimetre wavelengths – Chapman et al. 2003,
Nature
Using the techniques outlined in Section 2.4.1.1, Chapman et al. [A1] have identified and measured the redshifts of
a sample of 10 submillimetre sources. They find a median redshift of 2.4.
This is somewhat higher than the redshift of the bulk of cosmic star formation required by the studies described
in Section 4.1. This could be reconciled with a high fIR and submillimetre background if the bulk of the sources
which dominate the submillimetre background, the S850 = 1 mJy sources, lie at lower redshifts than the sources
Chapman et al. observed. There is some evidence for this (see Fig. A1). Interestingly, the two lowest-redshift
sources of have dust temperatures of only 16 K and 25 K, and consequently low star-formation rates. If these are
typical of infrared star-forming galaxies, then fIR may be reasonably low even if the submillimetre background is
high.
On the other hand, the lower-flux submillimetre sources may have a similar redshift distribution to their
higher-flux counterparts. This could be reconciled with Figure (11) if either
1) the Chapman et al. sample is contaminated by dust-enshroouded AGNs. This is suggested by the warm dust
temperatures of the more energetic sources in the sample and the concordance between the redshifts of the SCUBA
sources and of high-redshift quasars [214,A2]
2) the SCUBA sources are forming stars that are later cannibalized by an AGN. Each parcel of hydrogen is then
responsible for creating two sets of photons: one set when hydrogen is converted to helium in stars, and one set
when stellar mass is converted to black hole mass as the AGN grows. This scenario has the advantage of generating
a low Ω∗ and local supermassive black hole mass density while maintaining a large Iopt and IIR, all of which are
supported by observation.
(ii) Bimodality in the Clustering Properties – Budavari et al. 2003, ApJ
Using photometric redshifts for a very large (2 million) sample of galaxies from the Sloan Digital Sky Survey,
Budavari et al. [A3] noticed strong bimodality of clustering properties when the galaxies were segregated by spectral
type. Evolved red galaxies have been known for some time to cluster more strongly than star-forming galaxies but
the new data shows that the transition between the two regimes is very abrupt – somewhat evolved, moderately
red galaxies cluster strongly like very evolved, very red galaxies, and moderately blue galaxies cluster weakly like
actively star-forming galaxies that are very blue.
These results point towards two distinct formation environments for galaxies. It may follow from this that
there could exist two possible types of global mechanism for converting gas into stars in galaxies – perhaps this
could lead to two types of star forming galaxy: optical and infrared.
Following the evolution of the spectral-type subsamples defined by Budavari et al. will give a strong constraint
on the match defined by Equation (7). Tracking the galaxies backward in time allows us to estimate when their
stars formed out of gas and where on the Madau plot they lie. Tracking them forward in time tells us which
stellar populations in the local Universe they correspond to and therefore their contribution to the local luminosity
function. This constraint on the match defined by Equation (7) is a very indirect one, but the significance of the
bimodality measured by Budavari et al. is high enough that it will probably be an important complement to the
measurements desribed in Section 4.
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Figure A1: The redshifts and star-formation (or AGN mass-accretion) rates for the SCUBA samples of Chapman
et al. (ref. A1) and the hosts of the four GRBs described in Section 2.4 that are infrared galaxies.
(iii) Hα Spectroscopy of Galaxies at z > 2 – Erb et al. 2003, ApJ
This work [A4] presents evidence that star-formation rate derived from nebular abundances is somewhat higher
relative to the star-formation rate derived from broadband luminosities at z = 2 than it is at z = 3.
The redshift dependence of this effect appears to be moderated through the galaxy luminosity. The z ∼ 2
galaxies studied by Erb et al. have lower total luminosity and star-formation rate than the z ∼ 3 galaxies studied
by Pettini et al. [53]
If both samples of galaxies are typical of the ones which dominate the cosmic star formation at the relevent
epoch, there are important implications for how we determine the P values in Equation (8) – these are redshift-
averaged values weighted by the cosmic star-formation happening at each redshift. Specifically P280 nm may be
higher relative to P150 nm than we might expect from simple application of a Galactic extinction law. The third
term in the parentheses in Equation (8) then contributes more relative to the second term than we might expect
and consequently the argument made in Point 1) in Section 4.1 is weakened. Indeed the considerable reradiated
flux in the z ∼ 2 galaxies studied by Erb et al. may be enough to turn these optical galaxies into the very galaxies
postulated to exist there.
However, the Erb et al. sample is small and therefore this kind of assertion should be made with caution at
this stage.
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